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ABSTRACT 
 
During thermal seasonal variations, expansive soils may exhibit increase in volume upon 
wetting (swell) and decrease in volume during drying (shrinkage). In this regard, it is essential to 
understand the variations in hydro-mechanical behavior of soils during wetting/drying cycles for 
evaluating the stability and sustainability of natural soils and engineering structures as well.  
Crack formation is a widespread natural phenomenon raised during evaporation process of 
water from fully or partially-saturated soils during dry seasons. Fundamental to understanding 
crack development in soils is twofold; first to determine the tensile strength under circumstances 
mimicking those in the field and second to track the motion of soil particles during multiple wetting 
and drying cycles. In most of the previous studies, the tensile strength was measured when external 
applied tensile loads produced failure in a soil tested under constant water content and matric 
suction. However, very little attention has been directed to study the impact of wetting/drying 
cycles on tensile strength incorporated with the evolution and propagation of cracks.  
The research herein has stemmed from the observation of crack propagation in some 
geotechnical structures when soils undergo successive drying and wetting cycles. Accordingly, 
this study was motivated by the assumption that crack propagation is owing to the decrease in 
tensile strength of soil over cycles. A novel approach was employed using a new innovative device 
for measuring the tensile strength of the soil subjected to multiple wetting/drying cycles similar to 
the field conditions. The determination of tensile strength was incorporated with tracking the 
motion of soil particles during cycles by utilizing the Digital Image Correlation (DIC) technique. 
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The reduction of tensile strength was determined, and crack propagation was quantitively 
described and analyzed over cycles.  
The influences of soil interfaces and initial saturation conditions on shear strength and 
crack behavior of soil were also studied. It was revealed through this research that crack formation 
in soil is strongly related to the variations in the configurations of soil particles and stress state that 
occur during alternative shrinkage and swelling when exposed to drying and wetting, respectively. 
The findings generated by this study can be used to improve our understanding of crack mechanism 
in soils during cyclic wetting/drying processes. 
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CHAPTER I  
INTRODUCTION 
 
1.1 Background and relevance 
One of the most significant characteristics of expansive clays is their susceptibility to 
volume changes when exposed to wetting or drying processes due to thermal seasonal variations. 
Upon wetting, the water content of soil increases resulting in an increase in the volume of the voids 
(swelling). While during drying, the soil-water content decreases and this gives rise to a reduction 
in the volume of the voids (shrinkage). The changes in soil-water content during the evaporations 
and precipitation periods cause volume changes of the active mineral clays below a structure. This 
causes ground movements which results in destructive damage to the engineering structures such 
as buffers, clay liners, embankments, landfills, and slopes. In this regard, it is essential to 
understand the hydro-mechanical behavior of soils during wetting/drying cycles for evaluating the 
stability and sustainability of natural soils and engineering structures as well.  
During the dry spells, soils, especially, fine-grained, may undergo volumetric shrinkage 
accompanied with desiccation cracks. Formation of desiccation induced-cracks is a widespread 
natural phenomenon brought about by the evaporation process of water from the soil into the 
atmosphere during arid seasons. Desiccation cracks in soils may occur in naturally deposited soils 
as well as engineered soils (e.g., roadway embankments, compacted fills, slopes, hydraulic 
barriers, clay liners and buffers, etc). In fact, the presence of cracks may cause problematic impact 
on the mechanical behavior of the soil, and this may be destructive for a number of geotechnical, 
geo-environmental, and geological applications, such as clay liners, landfill covers, industry waste 
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(Omidi, et al., 1996, Albrecht and Benson, 2001, Tang, et al., 2011). Furthermore, cracks may 
become a preferential pathway for contaminates transport and water flow in the soil structure 
(McBrayer. et al., 1997, Albrecht and Benson, 2001, Greve et al., 2010). Hence, this may 
substantially increase the permeability of the soil, besides to detrimental variations and distortions 
in the structure of the soil (micro and macro structures) resulting in, some cases, physical failure. 
Moreover, the presence of cracks may likely cause a significant reduction in the compressibility 
which adversely influences on the performance of earthen structures (e. g., clay liners, landfill 
covers, foundations, slopes, and embankments). For example, at the same initial conditions (e.g., 
moisture content), a cracked soil may exhibit more compressibility and permeability than an 
uncracked soil (Morris et al., 1992), and as a result, a significant reduction in the mechanical 
strength of the cracked soil is obtained compared to the intact one.  
Various concepts and frameworks have been adopted to interpret the inception and 
propagation of desiccation cracks in soils, for example, the frameworks of net-stress (e.g. Morris 
et al., 1992, Rodríguez, et al., 2007), total stress (e.g., Péron et al., 2009, Amarasiri et al., 2011), 
effective stress (Shin and Santamarina, 2011), and the combination of total and effective stress 
(Abu-Hejleh and Znidarcic, 1995). Majority researchers reported that the crack formation is owing 
to the tensile fracture mechanism, where the crack initiates in a soil when the developed stresses 
exceed the soil tensile strength (Rodríguez et al., 2007, Amarasiri et al., 2011, Lakshmikantha et 
al., 2009). While few researchers have supported the notion that desiccation cracks generate under 
compressive effective stress state conditions (Shin and Santamarina, 2011). 
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Although considerable research has been conducted for investigating the failure criteria 
behind crack formation in soils, the mechanism is still not well understood and more research 
efforts are still needed for better comprehension.  
Basis to understanding desiccation crack formation in soils is twofold; the determination 
of tensile strength under circumstances imitated to those in the field, and the accurate tracking of 
the soil particles during crack evolution. Very few studies have examined the tensile strength 
during crack formation. In most of these studies, the tensile strength was determined when external 
applied tensile loads produce failure in a soil tested under constant water content and constant 
matric suction. However, very little attention has been directed to study the influence of 
wetting/drying cycles on tensile strength coupled with the evolution and propagation of cracks. 
The study described herein was motivated by the assumption that desiccation crack propagation is 
owing to the decrease in tensile strength of soil over wetting/drying cycles. Research in this thesis 
presents a new approach by using a novel device for determining tensile strength of a soil subjected 
to multiple wetting/drying cycles similar to the circumstances in field. The study of cracking 
mechanism was coupled with the determination of tensile strength and tracking soil particle during 
wetting/drying cycles. 
1.2 Objectives of the research 
The underlying objective of this study is to investigate the hydro-mechanical behavior of 
soils subjected to multiple drying and wetting cycles. This has been stemmed from the observation 
of crack propagation of soil when exposed to successive drying/wetting cycles. Most researchers 
come in to an agreement that accumulated irreversible deformations, such as swelling and 
shrinkage, may take place upon multiple wetting and drying cycles. Consequently, the soil 
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structure may undergo significant variations which may influence on the hydro-mechanical 
response of soil. Under drying, soil may develop irreversible deformations in fabric resulting in 
crack formation, while upon wetting, soil may undergo softening/weakening which provides 
healing and closuring to the present cracks that formed in the previous drying. However, these 
cracks remain weak region and under alternate drying the cracks re-open and propagate 
increasingly. After a certain number of drying/wetting cycles, the cracks remain unchanged 
without any propagation.  
Of particular significant in understanding of cracking mechanism, a new approach of 
tensile testing was utilized in this work to examine tensile strength of a soil subjected to sequential 
wetting and drying cycles. Previous laboratory tensile studies have been hindered a numerous of 
difficulties comprising; the soil sampling, detachment between the soil sample and tensile mold 
during the test, and the very high-water content of the soil sample. Consequently, my research had 
promoted more crucial improvements on tensile testing which simulates the natural conditions of 
soils as in field. 
The main objectives of this research can be highlighted below: 
• To study the influence of soil-interface associated with different initial conditions 
on shearing behavior of soil. 
• To investigate the impact of soil-interface coupled with the effect of different 
initial conditions of soils on the inception and propagation of cracks. 
• To develop a new approach using a novel device for measuring the tensile 
strength of soil subjected to circumstances similar to those in field, with an 
adequate recognition of the limitations of this approach, if any. 
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• To understand the effect of drying and wetting cycles on the tensile strength of 
soils. 
• To employ image analysis technique to capture the crack patterns of tested soils 
in multiple drying and wetting cycles. 
• To track the displacement fields of soils subjected to cyclic wetting/drying 
processes by using Digital Image Correlation analysis (DIC). 
1.3 Methodology and activities 
Research presented in this thesis focuses on the knowledge that obtained from the 
experimental tests. Laboratory tests provide better understanding of the actual soil behavior under 
controlled and natural environmental conditions.  This thesis encompasses the main following 
activities: 
• Laboratory tests to determine the engineering properties of the soil using the standard 
classification tests, such as, index properties, compaction curve, and soil-water retention 
curve using different techniques.  
• Direct shear tests using different soil-interfaces and different initial conditions to study the 
shearing behavior of soils. 
• Cyclic wetting/drying cracking plate tests to investigate the inception and propagation of 
soil cracks under free and constrained soil-interface with different initial conditions. 
• New-developed tensile tests to investigate the influence of alternative wetting/drying 
cycles on the tensile strength of soils by using a novel device and new approach. 
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• Image analysis technique to quantitively characterization of the crack morphology of the 
soil subjected to cyclic wetting/drying processes. Crack Intensity Factor (CIF) is the most 
significant parameter that obtained from the image analysis.  
• Digital image Correlation (DIC) method to tracking the displacement fields of the soil 
undergoes to deformations during drying/wetting cycles.  
1.4 Thesis structure 
A brief outline of the dissertation structure is provided. The main contents of the thesis are 
presented as follows:  
• Chapter II presents the literature review of relevant previous research on desiccation crack 
formation, the impact of cyclic wetting/drying processes on crack formation, soil-interface 
impact on the hydro-mechanical behavior of soils, previous and current soil-tensile testing 
methods.  
• Chapter III explores the influence of different soil-interfaces and initial conditions on the 
shearing behavior of soil. Interface-direct shear tests were performed using four 
counterfaces; including perpendicular, circular, parallel, and smooth. The soil 
characterization has been presented in this chapter as well.   
• Chapter IV consists of a series of laboratory drying/wetting tests performed on thin soil 
layers using circular plates. Constrained and free tests were performed under different 
initial conditions. The effect of alternative wetting/drying cycles on the propagation of 
cracks was investigated as well.  Image analysis method was employed to characterize 
crack patterns on the surface of the soil specimen in each cycle. Also, DIC analysis was 
employed to interpret some emerging phenomena.   
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• Chapter V introduces a novel approach for studying the tensile strength of soils under 
sequential wetting/drying cycles, with an adequate recognition of the limitations of this 
approach, if any. A new innovative tensile device was fabricated, more details are 
presented in this chapter. Image analysis technique was employed to quantitate soil 
cracking at the end of each cycle. The impact of alternative wetting/drying cycles on the 
tensile strength is clearly presented and discussed in this chapter. A fundamental to 
understanding crack evolution in soils during tensile test by employing Digital Image 
Correlation analysis (DIC). 
• Chapter VI presents additional tensile tests performed by using the new device that 
presented in chapter V. However, these tests were conducted under partially restrained 
condition in which the free part of the device was allowed to response with soil movement 
during drying and wetting. 
• Chapter VII presents the primary conclusions, contributions, and some recommendations 
for the future work. 
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CHAPTER II  
LITERATURE REVIEW 
  
2.1 Desiccation cracking 
This chapter presents literature review of relevant previous studies involving: desiccation 
cracks in soils, interface shear behavior, reviews on direct and indirect techniques employed to 
measuring the tensile strength of soils, the effect of wetting/drying cycles on the hydro-mechanical 
characteristics of soils. The literature review in this chapter is mainly focused in the engineering 
applications; reviews of methodologies (experimental) will be presented wherever needed. 
Cracking in soils may commonly occur in naturally deposited soils as well as engineered 
soils (e.g., roadway embankments, compacted fills, slopes, hydraulic barriers and buffers, etc). 
Soils, especially, fine-grained, may undergo drying resulting in crack formation. Formation of 
cracks in soil can be due to several processes comprising; desiccation and shrinkage, freezing and 
thawing, differential settlement, syneresis, and penetrated plant roots (Yesiller. et. al., 2000). The 
evolution of desiccation cracks is considered a common phenomenon due to evaporation process 
(expulsion) of water from the soil into the atmosphere during the summer season. The presence of 
cracks may cause problematic impact on the hydro-mechanical behavior of the soil, and this likely 
leads to severe problems in the soil mass. For example, at the same initial condition (e.g., moisture 
content), a cracked soil has more compressibility than an uncracked soil, and as a result, less 
mechanical strength than the intact soil (Morris et. al., 1992). In addition, cracks may increase the 
permeability of the soil, besides to exhibit severe changes in the soil structure (fabric and inter-
particles forces) that may cause physical failure in the soil structure. Furthermore, these cracks 
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may become a preferential pathway for contaminates transport and water flow (McBrayer. et. al., 
1997, Albrecht and Benson, 2001, Greve et. al., 2010). Consequently, the performance of several 
engineering applications, such as, geotechnical, environmental, and geological applications (e.g., 
industry waste, clay liners, covers of landfills) may adversely affected by cracks (Omidi, et. al., 
1996, Albrecht and Benson, 2001, Tang, et. al., 2011).  
Over the last decades, laboratory and field experimental works had been performed to 
investigate desiccation cracking in various types of soils (Boynton and Daniel, 1985, Omidi et al., 
1996, Ayad et. al., 1997, Yesiller et al. 2000, Rayhani et. al., 2008, Peron et. al, 2009a). Current 
experimental and numerical studies have mainly focused on investigating desiccation cracks of 
fully saturated soils (slurries) prepared either in rectangular bars (e.g., Nahlawi and Kodikara, 
2006, Peron et al., 2009b) or circular plates (e.g., Rodríguez et al, 2007, Tang et al, 2011, Trabelsi 
et al., 2012). Most of these experimental studies were implemented under controlled laboratory 
circumstances (i.e., temperature and humidity). However, some researchers studied crack 
development at different ambient environmental conditions (e.g., temperature and humidity), 
besides to other different conditions related to the dimensions and types of the tested soils (Uday 
and Singh, 2013). Digital image technique had been opted to a fundamental understanding of the 
morphology of crack network. Depending on image technique, crack characteristics of soil were 
investigated through a number of related parameters (e.g., crack intensity factor, average length 
and width of cracks, etc), and so employed for quantifying of crack network. Basically, Crack 
Intensity Factor (CIF) is often utilized to quantify the cracks on the surface of the soil specimen, 
where CIF defines as the ratio of the crack area to the total area of the soil sample.  
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Majority studies reported that desiccation cracks may probably occur when the soil 
undergoes to any restrictions during evaporation or shrinkage process, and (or) to tensile stresses 
which exceeded the tensile strength of the soil (Corte and Higashi, 1960). These restrictions may 
arise at the contact surfaces of soil and structure (i.e., soil-plate interface) that may cause evolution 
of cracks during drying. Some of these restraints are involving (Hueckel 1992; Peron et al. 2009b): 
1) any displacement boundary conditions, or any frictional stresses due to restraining 
structure (e.g., due to grooves at the soil-structure interface). 
2) variations in the water content in the soil which may cause stress concentration. 
3) distortion and/or heterogeneity in the soil structure of the specimen. 
The initial compaction conditions comprising water content, dry density, and compaction 
energy have a significant impact on the hydro-mechanical behavior, especially, for fine-grained 
compacted soils. Some studies revealed that crack formation in compacted soil owing to the high 
fine contents, where the compacted soils with high fine fractions experienced higher cracking than 
those of compacted soils with lower fine fractions (Yesiller. et. al., 2000). In arid areas, it is 
recommended to compact the soil at low moisture content (dry of optimum, OMC) with high 
compactive energy to minimize any potential desiccation cracking during the dehydration process 
(Daniel and Wu ,1993). In this case, the soil experiences flocculated structure of high strength and 
stability. However, the soil may prone to swell when wetted, and then to shrink excessively when 
subjected to drying. On the other case, compacting the clayey soils at wet of optimum moisture 
content and low dry densities may decrease any potential wetting induced swelling. However, the 
soils may tend to shrink upon subsequent evaporation process resulting in crack formation. 
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Accordingly, the compacted soils may undergo either shrinkage when compacted at wet of 
optimum or swelling when compacted at dry of optimum (Yesiller. et al., 2000). 
 Various experimental studies were carried out to investigate desiccation cracking of 
different compacted soils (Boynton, 1983, Boynton and Daniel, 1985, Kleppe and Olson, 1985). 
Kleppe and Olson (1985) studied desiccation cracking of two highly expansive clays and 
sand/bentonite mixtures. Soils were compacted in rectangular slabs and then allowed to dry, while 
their edges were restrained. At the same water contents, the clayey soils developed higher 
shrinkage strains than those of sand/ bentonite mixtures. Also, the sand mixture with higher sand 
ratio exhibited lower shrinkage strains. For this study, it was revealed that the soils with high fine 
contents undergo more shrinkage accompanied with crack formation than those with low fine 
contents.  
In response to performing very low permeable geotechnical structures, such as, clay 
barriers and buffers, previous research had studied the influence of desiccation cracking on the 
hydraulic conductivity of cracked soils during wetting/drying cycles. This issue has been taken 
into more consideration because of the necessity in various significant applications, such as nuclear 
waste isolation, covers and liners for landfills, etc (Tang et al., 2011). A study conducted by 
Albrecht and Benson, 2001 showed an increase in the permeability of clay liner with cracks by 
about three orders of magnitude (Albrecht and Benson, 2001). Subsequently, cracked soils 
experienced high permeability than that of intact soils. Boynton and Daniel (1985) conducted 
hydraulic conductivity tests on compacted clays (kaolinite and fire clay). Soil specimens were 
compacted in desiccation slabs with the thickness of about 2.5 inch at three different moisture 
contents, and then allowed to dry for three days at laboratory conditions. Specimens with four-
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inch of diameters were cautiously trimmed and then subjected to hydraulic conductivity tests using 
flexible-wall permeameters. At low effective stresses, desiccated specimen exhibited larger 
permeability than that of undesiccated specimen by about one-half to one order of magnitude. 
Also, it was observed that the permeability of desiccated specimens reduced quickly with increase 
the effective stress (up to 56 kPa), and this likely due to closing of crack openings. This indicates 
that the overburden stresses subjected on the soil can be critical for closuring cracks and preventing 
formation new ones in some of engineering applications that exposed to crack (Boynton and 
Daniel, 1985). 
Another experimental study was performed by Omidi et al., (1996) to examine the 
influence of desiccation cracks on the hydraulic conductivity of compacted soils during two 
successive wetting-drying cycles (Omidi et. al., 1996). Two different permeameters were used, 
with the diameters of about 10 cm and 60 cm, to measure the hydraulic conductivity in small and 
large-scale specimens. Smectite and illite soils were used, in addition to mixtures of these soils 
with 30% of sand. The small-scale specimens exhibited lower hydraulic conductivity values than 
those of the large-scale specimens. This indicates that the hydraulic conductivity measured in the 
field is greater than that measured from laboratory tests. Generally, it was observed that the 
hydraulic conductivity of compacted soils increased due to evolution of cracks and continued to 
raise at the end of the second wetting-drying cycle. Consequently, the outflow rates increased 
through the soil samples. On the other hand, soil mixtures of smectite or illite plus 30% of sand 
exhibited constant hydraulic conductivity measurements at the end of the first and second 
desiccation cycles, as a result, the outflow rates remained constant. It was noticed that no 
significant cracks progressed in the mixtures after the end of the first wetting-drying cycle. 
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Similarly, Albrecht (1996) reported increase in the hydraulic conductivity of high plasticity soils 
up to the end of the second wetting-drying cycle, while low plasticity soils exhibited increase in 
the hydraulic conductivity at the end of the first wetting-drying cycle (Albrecht, 1996). 
A previous study conducted by Yesiller et al. (2000) on large-scale specimens of three 
different compacted liner soils obtained from landfills to investigate desiccation cracking during 
wetting/ drying cycles. All specimens were low plasticity with a wide broad range of fine fractions. 
Suction measurements and crack characteristics (e.g., CIF; crack intensity factor) of the samples 
were taken during drying/wetting cycles. All samples were compacted at ± 2% of optimum water 
content (as determined from the standard Proctor compaction test). All specimens were allowed to 
dehydrate at the initial compaction moisture content then subjected to one wetting-drying cycle. 
Only one test was conducted on a soil sample subjected initially to dry at the initial compaction 
water content then to three subsequent wetting-drying cycles. The study revealed that the soil of 
high fine content developed more cracks than that of low fine content even though they have the 
same plasticity index (PI). At the end of the compaction-drying process (first drying), the soils 
exhibited lower CIF values than those of wetting-drying cycle, even though the soils experienced 
higher suctions in the first drying than those in the wet-dry cycle. It seems that at the first drying, 
the soil strength is much greater than the developed tensile stresses that associated with high 
suctions. Therefore, the soil resisted the tensile stresses with tending to shrink with insignificant 
cracks.  At the end of the first drying, it appears that the soil structure (fabric and inter-particle 
forces) was subjected to some changes during shrinkage process. These changes can be irreversible 
deformations and different configurations of particles. Upon wetting, the soil specimen was 
exposed to soften and weakened and then reduction in the tensile strength. Subsequent drying 
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process caused formation of cracks in the weakened positions that experienced reduced soil tensile 
strength. It was reported that the cracks developed at low suction values (e.g., less than 1000 kPa) 
with no more significant cracks progressed at very high suction value (e.g., suction of 6000 kPa). 
No significant cracks were observed after the second wetting-drying cycle of the soil sample. The 
maximum CIF value recorded of the three compacted soil samples was about 7 %.  
2.2 Tensile Strength 
Tensile strength of soil is a vital mechanical characteristic that can be employed to predict the 
stability and sustainability of geotechnical and geo-environmental structures, such as, earthen 
dams, embankments, landfill covers, clay liners. This property of soil has been taken in to 
consideration to understand the failure and fracture mechanism of desiccation-induced cracks 
(Rodríguez et al., 2007, Péron et al., 2009a, Miller et al., 2016, Varsei et al., 2016).  
During evaporation process, the soil undergoes volumetric shrinkage that might be subjected 
to restraints due to non-uniform water gradients or any frictional or traction or displacement 
boundary effect at soil-interface or restraining in the soil structure (Hueckel 1992; Péron et al. 
2009b). These restraints generate tensile stresses at soil-interface. When these stresses exceed the 
tensile strength of the soil, desiccation cracking develops (Corte and Higashi, 1960). This failure 
approach has been widely adopted in a number of studies in interpreting the phenomenon of crack 
formation during drying process (Rodríguez et al., 2007, Lakshmikantha et al., 2009, Amarasiri et 
al., 2011).  
Testing techniques employed for measuring the tensile strength of soils split up into two 
main categories comprising indirect and direct testing methods. Indirect testing methods have been 
utilized to measure the tensile strength of the soils using a non-tensile loading (e.g., compression 
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loading). Indirect testing methods encompass Brazilian tensile test (Frydman, 1964), fracture 
toughness measurements using ring test (Harrison et al. 1994), beam flexure tests (Konard and 
Ayad, 1997), and an unconfined penetration device (Kim et al., 2012). While direct testing 
techniques are conducted by subjecting the soil specimen into a direct tension loading. For 
example, modulations had been made in the direct shear test device to perform the direct tensile 
test (e.g. Nahlawi et al. 2004, Tamrakar et al. 2005, Vesga 2009, Trabelsi et al., 2012, Tang et al., 
2015, Stirling et al., 2015).  
2.2.1 Tensile Strength Testing 
Direct and indirect tensile testing techniques are employed for determining the tensile 
strength of soils. These techniques are categorized based on the loading fashion, where a direct 
tension loading is used in the direct testing methods and a non-tension loading fashion (e.g., 
compression loading) is used in the indirect methods. Different principles of these techniques were 
illustrated in Vanicek, 2013 (Vanicek, 2013) based on the loading manners. 
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Most of the experimental and numerical studies focused on studying the compression 
behavior of soils. Limited consideration has been taken to examine the tensile strength of the soils 
even though the crack-formation mechanism has been adapted, by a large number of researchers, 
as a failure criterion-based on tensile strength. Different testing methods were opted to investigate 
the tensile strength of the soils under undrained conditions. However, limited studies were 
performed to determine the tensile strength under drained condition, for example, Bishop and Gara 
(1969) (Bishop and Gara, 1969) modified a triaxial cell with a controlled strain rate to examine 
the tensile strength of drained clays. 
Generally, for the tensile testing procedure, a uniaxial-tension loading fashion has been 
performed either by catching up the cylindrical soil specimen vertically from one side or by 
laterally constraining the specimen through two loading jaws. Recently, the second technique has 
been adapted more than the other one with variations in the geometrical design and dimensions of 
the loading tensile molds. 
2.2.1.1 Indirect Tensile Testing Techniques 
For indirect tensile tests, indirect measurements are obtained, while the soil specimen is 
subjected to a compression loading, and then, at the end of the test, the obtained parameters are 
employed for tensile strength determination. Examples of indirect tensile tests are comprising the 
Brazilian tensile test (Frydman, 1964, Ghosh and Subbarao, 2006), fracture toughness 
measurements using the ring test (Harrison et al. 1994), beam flexure test (Konard and Ayad, 
1997), and an unconfined penetration test (Kim et al., 2012). In these tests, the soil samples are 
fractured under either point or linear compression loading. The developed tensile stresses are 
considered distributed uniformly on the failure plane of the sample, in which the tensile strength 
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is readily calculated. However, these techniques are more appropriate for investigating the tensile 
strength of brittle and elastic geomaterials (e.g., rock, stiff soils) than ductile materials (e.g., soft, 
wet clayey soils. Due to a number of limitations and assumptions of indirect tensile techniques, 
direct tensile methods are more preferable for soils. 
2.2.1.2 Direct Tensile Testing Techniques 
For the direct tensile tests, the soil specimen is commonly subjected to externally direct 
uniaxial-tension loads, where the tensile strength can be directly determined at the failure plane. 
Based on the tensile test device, the tensile stain and loading rates are both can be readily 
controlled. However, the main problem in conducting the direct tensile tests is twofold; the 
difficulty in preparation of the soil specimen, and the other one presence of a gap at soil-device 
interface during the shrinkage process. Consequently, new methodologies have been progressed 
to improve the direct tensile test of soils (Tamrakar et al. 2005, Lakshmikantha et al. 2012). 
Nahlawi et al., (2004) investigated the tensile strength of the soils using the direct shear 
device with the modification of tensile box. The modified apparatus included two rectangular jaws 
with the dimensions of the whole enclosure of 200 x 100 x100 mm. The reduced central area was 
opted in this research. The notion behind reducing the central cross-sectional area of the soil 
specimen was to localize the maximum tensile stresses at that plane, as consequence, the tensile 
failure takes place (e.g., Trabelsi et al., 2010). Embedded shear keys were fabricated along way of 
the longitudinal sides of the tensile jaws to provide restraints against the tensile loads and to 
prevent the detachment at soil-device interface during the test. The central area (neck area) was 
tested under free condition to develop uniformly distributed tensile stresses at that plane. It was 
reported that the soil specimen with low water content experienced an increase in the tensile 
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strength and a decrease in the tensile strain (Nahlawi et al., 2004). In addition, the study revealed 
the difficulty in conducting the direct tensile test on specimens with very high moisture content 
(e.g., slurries) (Nahlawi et al., 2004). 
Numerical and experimental studies were conducted by Trabelsi et al., (2010 and 2012) 
(Trabelsi et al., 2010, 2012) to measure the tensile strength of remolded and compacted clays at a 
broad range of water contents. External tensile forces were applied either by using the motor of 
the direct shear device (Tabelsi et al., 2010) to provide controlled tensile loads and strains or by 
using a traction system to apply incremental tension loads (Trabelsi et al., 2012). In both studies, 
similar tensile mold was employed comprising of two convergent halves in the form of bow-tie. 
This mold includes one fixed-half and one movable-half setting on ball bearing for 
inducing free movement during the test without any frictions. Similar apparatus was used by 
Rodriguez et al. (2007) in which a traction device employed to apply incremental tension loads 
(see Rodriguez et al. 2007). 
In Trabelsi et al., (2010, 2012), both slurry and compacted soil specimens were prepared 
directly in the tensile testing mold. Similar to Nahlawi et al., (2004) and Rodriguez et al., (2007), 
a central bridging area was introduced between the two halves to localize the maximum tensile 
stress at that plane. A LVDT was used to measure the displacement of the free half (Trabelsi et al., 
2010) and a dial gauge in Trabelsi et al., 2012. However, it was difficult to measure the 
displacement at the central area, especially for the fully saturated specimens (slurries). A set of 
experimental tensile tests was performed at a wide range of water contents associated with the 
corresponding values of suction which were examined at the end each test using the psychrometric 
method (e.g., Dew point Method: Model WP4). The results of the tensile tests showed an increase 
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in the tensile strength with increase the suction or decrease in the corresponding water content. 
The variations in the tensile strength at a wide range of water contents/or suctions were presented 
as an exponential function. 
One of the most testing problems taken into considerations for measuring tensile stresses 
is that the separation or detachment between the tensile mold and the soil specimen during the test. 
Previous studies used different approaches to maintain the attachment between soil sample and 
tensile device, during evaporation process. Some researcher used a number of shear keys 
embedded in the soil specimen to prevent a potential detachment at soil-interface (i.e., Nahlawi et 
al., 2004) where these keys assisted in catching the soil when subjected to drying with time. Kim 
and Hwang (2003) utilized four triangular wedges attached on their sides with sandpaper. These 
wedges were mounted in the way where the soil sample forming bowtie shape. The primary 
function of these wedges was to prevent any potential separation or slip-condition between the 
specimen and the tensile mold when tensile stresses develop (Kim and Hwang, 2003). Another 
study employed two groups of screws fixed in two desiccation halves; each group was mounted 
along the long wall of one jaw to maintain attachment between soil specimen and the convergent 
halves, and provide constraints for developing tensile stresses, as well (Varsei et al., 2016). 
Most of previous numerical and experimental studies employed external tension loads 
either by using a direct shear device or traction apparatus. However, a unique study conducted by 
Varsei et al., (2016) (Varsei et al., 2016) used a rectangular desiccation box to measure the tensile 
strength of different types of soils during drying process. This desiccation box consisted of two 
identical halves; one half is fixed and the other one is free to move on the top of ball bearings with 
minimal friction. A small gap was introduced where the two halves combine. The tensile stresses 
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were measured via two large load cells mounted where the two halves join. A number of screws 
mounted along the side walls of the two halves were used to provide restraints at one direction in 
which the tensile stresses may develop to induce crack evolution during drying process. In Varsei 
et al., (2016) study, all soil samples were subjected only to a unique drying. The notion of Varsei 
et al., (2016) research is that to subject the soil sample to natural conditions, as in field, during 
drying process in which the tensile stresses may develop due to increase of suction and decrease 
of water content accompanied with crack formation.  
Recently, many experimental and modeling studies have focused on investigating the 
influence of several factors on the tensile strength of compacted soils, such as, water content, dry 
density, and characteristics of clay particles (Rodríguez et al., 2007, Tang et al., 2015, Zhang et 
al., 2015). Majority studies revealed that compacted soil exhibits softening at failure when 
subjecting to tensile loading where a clear post peak is obtained. It was observed a nonlinear 
relationship between the tensile strength of soil and water content. The soil may exhibit at the same 
dry density an increment in tensile strength with an increase of water content up to a certain water 
content where the tensile strength reaches the maximum, and then the tensile strength starts to 
decrease with increase of water content. However, the effect of water content on tensile strength 
is different than dry density in which soil may exhibit more resistance of tensile stresses with 
increase of dry densities at the same water content.  
2.3 Effect of cyclic wetting and drying on the mechanical behavior of soils 
The mechanism of desiccation cracking is a very complex. It is relevant to chemical, 
physical and mechanical characteristics of soil involving; initial water content, compaction 
condition, mineral composition and clay contents, etc (Morris et al. 1992, Albrecht and Benson 
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2001).  Moreover, the variation in the surrounding climatic conditions is a very significant factor 
affecting the soil cracking behavior. In the field, soil periodically is exposed to cyclic wetting and 
drying due to seasonal variations. This leads to changes in the hydro-mechanical characteristics of 
soils. various studies have been conducted on investigating the impact of wetting and drying cycles 
on the mechanical behavior of soils. However, very few research has studied the effect of wetting-
drying cycles on evolution and propagation of cracks 
Expansive soils are prone to volume changes due to intrinsic factors including; the initial 
water content, void ratio/or dry density, and the type of clay minerals (Mitchell and Van Genuchten 
1992, Fredlund and Rahardjo 1993, Estabragh et al, 2015). Many researchers have studied the 
impact of wetting-drying cycles on the mechanical behavior of expansive clays in a variety of 
contexts. Majority researchers studied the effect of wetting-drying cycles on the compression 
behavior of soils using several suction control techniques (Wheeler et al. 2003, Alonso et al. 2005, 
and Nowamooz and Masrouri 2008, Liu et al, 2012), while some examined shear strength of soil 
subjected to wetting-drying cycles (Gallage & Uchimura, 2016). Wheeler et al. 2003 studied the 
behavior of soil subjected to one cycle of wetting-drying processes under isotropic loading fashion. 
They proposed a model for the coupling of compression behavior and hydraulic hysteresis. Alonso 
et al, 2005 explored the influence of wetting/drying cycles on expansive bentonite-sand mixtures. 
The vapor equilibrium technique was utilized for controlling the suction values with the range of 
4 MPa to 130 MPa during a number of sequential wetting/drying cycles in the oedometer cell. 
They revealed that the soil developed a progressive shrinkage until a reversible elastic response 
occurred. This resulted in an increase in the over-consolidation ratio (OCR). Another research was 
conducted by Nowamooz and Masrouri 2008 to examine the effect of successive wetting/drying 
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cycles on the compression characteristics of an expansive bentonite/silt mixture by using an 
oedometer testing method. The Osmotic technique was employed to control the suction of four 
different values; including 0, 2, 3, and 8 MPa.  It was found that the wetting/drying cycles influence 
on the compression properties of the soil involving; virgin compression index, elastic compression 
index, and preconsolidation stress.  
Other researchers studied the variations of axil deformations of an expansive soil subjected 
to a number of wetting/drying cycles (i.e, Estabragh et al, 2015). A modified oedometer apparatus 
was used with different suction values and surcharge pressures. The water content and the 
deformations were obtained at different stages.  The results showed that the swelling-shrinkage 
was irreversible until the soil approached to the equilibrium condition while a reversible elastic 
response with constant deformations occurred.  Also, it was observed that the soil specimens with 
lower initial water content experienced higher swelling potential than those with higher initial 
water content. 
A recent research was conducted by Wang et al., 2016 for investigating the effect of three 
wetting-drying cycles on the soil strength of a silty soil by employing micro-penetrometer tests. 
The study revealed the significant impact of wetting-drying cycles on the soil strength which 
decreases with increasing the cycles. This was owing to the presence of defects in soil 
microstructure and heterogeneity of the strength profile of the soil (Wang et al., 2016). 
Very few studies have examined the impact of wetting-drying cycles on desiccation 
cracking behavior of soils. Tang et al., (2016) investigated the effect of five sequential wetting-
drying cycles on fully saturated soil specimens. In this study, desiccation cracks were quantitively 
characterized by using image analysis technique. The results revealed the significant impact of 
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wetting-drying cycles on the cracking morphology of the soil. Over cycles, the crack patterns 
approached to equilibrium state after the third cycle where no more cracks were obtained. 
Desiccation cracking is a major concern in designing of some geostructures, such as, 
barriers for nuclear waste, clay buffers, and clay liners. In response to that, more research related 
to the effect of wetting-drying cycles on cracking behavior of soils is still needed. The main 
objective of the research in this thesis is to determine how much wetting-drying cycles influence 
the desiccation cracking of a high expansive soil. 
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CHAPTER III 
INTERFACE DIRECT SHEAR TESTS ON SATURATED AND UNSATURATED 
COMPACTED SOILS 
 
3.1 Introduction 
The interaction between soil and structure is an essential design and safety parameter in 
geotechnical applications, such as retaining wall, soil-pile interaction, slopes, buried pipes, and 
foundations. A reciprocal transmission of the developed stresses takes place between the soil and 
structure (Miller and Hamid, 2007, Hamid and Miller, 2009) where may give rise some problems 
for many geostructures. The shear strength of a soil-structure interface depends on many factors 
involving; drainage and loading conditions, soil structure (i.e., compacted, slurry), surface 
roughness, and shear direction. Several studies have been conducted on a variety of soil types 
for different soil-structure interfaces (i.e., Yoshimi & Kishida, 1981, Miller & Hamid, 2007, 
Borana et al., 2016). Majority research has invistigated the shear behavior of soil-structure 
interface in the context of surface roughness, loading and drainage conditions, and physical soil 
properties (Hossain & Yin, 2013, Chai & and Saito, 2016, Boukpeti & White, 2017). Few studies 
have explored the influence of shear direction on the interface shear strength (Manzoli et al. 
2017, Chen et al., 2017).  
Any structural surface’s geometry has likely a certain degree of anisotropy due to the 
natural characteristic of the material and the contributed skills for manufacturing the 
geostructures. This leads to anisotropic distribution of the loads on the surface. Substantially, the 
shearing behavior varies with the variation of the shear direction. Accordingly, research 
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described herein was motivated to reveal how much the impact of shear direction on the shear 
strength of a soil-structure interface taken into consideration unsaturated and saturated conditions 
as well.  
Fundemental to understanding the intreaction between the soil and structure is the 
determination of interface shear strength considering several conditions for simulating the 
circumestances as in the field. The study herein investigates the influence of many factors on 
shear strength of the soil-structure interface including; surface roughness, shear direction, and 
satuartion conditions. This integration improves our understanding of the shear behavior of soil-
structure interface in geotechnical applications. The experimental campaign herein was 
conducted on a high-expansive soil mixture of 75% of kaolin and 25% of bentonite. Four 
different interfaces were employed involving circular-spiral, perpendicular, parallel, and smooth 
surfaces. Drained and undrained conditions were also considered for acquiring better 
understanding of the variation of the interface shear strength under different surface roughness 
and shear directions. A basis to understand the soil behavior, mechanical and hydraulic soil 
characteristics related to soil suction are required to be explored. Moreover, mineralogical 
composition, compaction, soil water retention behavior, and swell-shrink behavior are presented 
and described whenever they are required. 
3.2 Basic soil characteristics 
A high expansive soil mixture consisted of 75% kaolin and 25% bentonite was used in this 
research. The mineralogical composition of the clay minerals of kaolin (EdgarMineral, 2018) and 
the sodium bentonite (Kiviranta & Kumpulainen, 2011, BYK Additives & Instruments. 2015) are 
obtained from the manufacturers and presented in Table 3.1, Table 3.2, respectively. Based on 
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Table 3.1, kaolin is classified as low plastic clay with low linear shrinkage of 5.8%. While 
bentonite H is one of the clay minerals which has the most dramatic swell-shrink capability when 
exposed to wetting-drying processes. The expansive properties of bentonite are presented in Table 
3.2, such as; liquid limit ≥ 250%, swelling index ≥ 20 ml/ 2g, 10-12 m/s of hydraulic conductivity, 
and other properties. 
The soil mixture was subjected to classification and physical property tests according to 
ASTM standards (ASTM 2005): Atterberg limits (ASTM D4318). The Casagrande method was 
opted for determining the liquid limit, and the thread rolling method for the plastic limit. Atterberg 
limits are determined as follows; liquid limit is 88% and plastic limit is 48%.  Accordingly, the 
soil is classified as high expansive soil (CH). 
 
Table 3.1 Basic properties of Kaolin provided from the manufacturer  
     
Product identifier Kaolinite   
Molecular Formula (Al2O3, 2SiO2, 2H20) - 97% 
Plasticity limit % 26  
Linear dry shrinkage % 5.8  
Cation Exchange Capacity (Methylene Blue Index): 4.5 meq/100 g  
Chemical components (%):  Kaolinite 99%-99.9% & Quartz 0.1%-1% 
 SiO2        45.73 
 AL2O3  37.36 
 MgO     0.098 
 Fe2O3   0.79 
 CaO      0.18 
 Na2O    0.059 
 K2O      0.33 
 TiO2      0.37 
 P2O5     0.236 
   LOI      13.91 
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Table 3.2 Basic properties of sodium bentonite  
 
 
 
 
 
 
 
 
 
 
 
 
 
a: values taken from (Kiviranta & Kumpulainen, 2011) 
 
 
3.3 Compaction behavior 
Soil compaction is a technique employed for placing the soil particles into a dense state. 
This can be performed by reducing the air pores in the soils with no reduction of the water content. 
Compaction is a very popular method used to improve the engineering characteristics of soil. The 
primary objective of soil compaction is to decrease the compressibility, while in the meantime 
increase shear strength and decrease the permeability of soil. A unique relationship can be 
established between the water content and dry density by conducting the standard Proctor test. The 
standard Proctor compaction test (ASTM D698) was performed to determine the compaction curve 
   
Product identifier BENTONITE H  
Molecular Formula Al2O3 4SiO2 xH2O 
Density (g/cm3) 2.6  
Estimated Specific gravity  2.6  
Swelling index  ≥ 20 ml/ 2g a  
Swelling pressure (MPa) ≥ 2a  
Liquid limit %  ≥ 250a  
Cation Exchange Capacity (CEC)  ≥ 70 meq/100 ga  
Hydraulic conductivity m/s 10-12 a  
Chemical components (%):  bentonite 99-100% & Quartz < 1%  
 SiO2        68.1 
 AL2O3  13.5 
 MgO     2.9 
 Fe2O3   0.7 
 CaO      0.9 
 Na2O    3.5 
 K2O      0.1 
  TiO2      0.2 
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of the soil mixture using the compaction effort (600kN-m/m3. Eight soil specimens were prepared 
at a wide range of water contents and then kept to promote moisture equilibrium. After that, each 
soil specimen was compacted into three layers in the standard compaction mold of 10.16 cm 
diameter and total volume of 944 cm3. The compaction curve of the soil mixture is plotted in the 
plane of water content and dry unit weight (Figure 3.1)  In the same curve, the zero-air void curve 
is also plotted which represents the fully saturated condition of the soil. The optimum moisture 
content (OMC) of 36 % is obtained from the compaction curve at the maximum dry unit weight 
of 12.16 kN/m3.  
 
 
 
Figure 3.1 Proctor compaction curve of the soil mixture consisted of 75% kaolin and 25% 
bentonite 
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3.4 Water retention behavior 
The unique relationship between suction and degree of saturation is known as the soil water 
retention curve (SWRC) or soil water characteristic curve (SWCC). This curve is very useful to 
interpret some soil characteristics, such as, strength, volume changes, permeability (Fredlund et 
al., 1994). In this study, the tensiometer (UMS, 2009) and chilled-mirror dew-point (WPT4) 
(Decagon 1998-2003) techniques were employed for determining the soil water retention curve of 
fully-saturated and unsaturated-compacted specimens prepared from the soil mixture of 75% 
kaolin and 25% bentonite. 
Soil water retention curve (SWRC) was determined; while specimens were allowed to 
freely drying/shrinkage (no load) under controlled laboratory temperature and relative humidity 
(22.1±1 Co, RH= 59±1). More details regarding of SWRC determination are provided in the 
following sections. 
Chilled-mirror dew-point technique provides quick and reliable suction measurements in 
the range of 1 to 100 MPa. The basis behind chilled-mirror dew-point method (WPT4) is based on 
measuring the relative humidity of a soil specimen in a sealed chamber. At equilibrium, the relative 
humidity in the chamber will be similar to the relative humidity of the soil specimen. Based on 
psychrometric law, the total suction can be then determined. The following equation shows the 
relationship between relative humidity and total suction. 
 
 𝑠𝑡 = −
𝑅𝑇
𝑀𝑤
𝑙𝑛 (
𝑃
𝑃0
)                                                          (3.1) 
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𝑠𝑡 is defined as the total suction; 𝑅 is the universal gas constant (8.314 J/Kmol), 𝑇 is the absolute 
temperature (K), 
𝑃
𝑃0
 is the relative humidity in the air, 𝑀𝑤 is the molecular mass of water, (see after 
Cardoso et al., 2007). 
In addition, a low capacity tensiometer was employed for continuous and direct measuring 
of the matric suction of a soil specimen during drying process. More information related to the 
schematic drawing of the tensiometer is provided in UMS GmbH, 2009 (UMS GmbH, 2009). 
Reliable determination of matric suction need an adequate saturation of the porous ceramic cup. 
The saturation procedure of the porous tip is described in the manufacturer manual of (UMS 
GmbH, 2009). 
3.4.1 Water retention curve of fully-saturated soil 
The SWRC of fully-saturated (slurry) specimen was determined by using two different 
techniques. These techniques consisted of low suction tensiometer, type T5 (UMS, 2009) for 
measuring continuously matric suctions in the low range from 0 to around 275 kPa, while the 
chilled mirror dew-point psychrometer (WP4-T) utilized for discrete measurements of high suction 
values (Decagon 1998-2003).  
For low suctions, two identical specimens were prepared at the initial water content of 
about 90.19% and dry unit weight of about 7.848 kN/m3. The soil was placed in three layers in a 
small stainless-steel ring of 75.6 mm diameter and 25.4 mm height; using light tapping to remove 
air bubbles from the specimen at the desired dry unit weight. The inside perimeter of stainless steel 
ring was previously lubricated to avoid any disturbance for the specimen when was extracted. Then 
the specimen was carefully extracted on a lubricated smooth acrylic plate. One specimen was 
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placed on an electronic balance connected to a data acquisition system for continuous 
measurements of mass (i.e. water loss). The other one was used for suction measurements using 
tensiometer. The tensiometer was inserted vertically in a small hole which was previously made 
at the center of the specimen. A small amount from the remaining specimen was used to close all 
around the tensiometer (at the contact surface of tensiometer and the sample) to prevent 
atmospheric pressure from getting into the sample and resulting in incorrect suction values (as 
observed in many fruitless attempts). The tensiometer was then fixed and supported to a stand. The 
test was terminated when the tensiometer cavitated. For volume measurements, two series of 
photographs were captured by using two cameras; one was fixed directly above the soil specimen 
(perpendicularly) for measuring the changes in the specimen’s diameter, and the other one was 
mounted in the side view for thickness measurements. Figure 3.2 presents the test set-up of the 
experiment. 
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Figure 3.2 Test set-up for determining the SWRC of fully-saturated specimen 
 
After a number of fruitless attempts, it was observed that the stiffness of tensiometer’s 
cable influenced largely on the mass measurements during free shrinkage. Although a study 
performed by Liu et al (2015) showed a slight effect of the cable stiffness on the apparent mass 
(0.25 g). During shrinkage, the tensiometer was dragged by the soil in the direction of the 
electronic balance causing flocculated mass readings and thus, inauthentic mass measurements 
were obtained. Accordingly, the concept of having two identical specimens; one for water loss and 
another for suction measurements was adapted in this experiment. 
For water loss 
measurements 
For suction 
measurements 
Electronic balance 
Tensiometer 
Top camera 
Side camera 
33 
 
 
Additional identical six specimens were prepared and then allowed to dry under controlled 
lab temperature and relative humidity (22.1±1 Co, RH = 59±1). The specimens were allowed to 
freely dry at different water contents corresponded to suction values. In this way, the SWRC was 
established over a wide range of suctions and volumetric changes. The volume was determined by 
using a digital caliper. Afterward, the specimen was divided into two portions; one was used for 
water content measurement, and the other one was placed in the drawer of the WP4-T for suction 
measurement. 
Soil water retention curve (SWRC) was defined in the plane of the suction and effective 
degree of saturation (Figure 3.3). The effective degree of saturation was calculated based on the 
following equation: 
𝑆𝑟 =
𝑆𝑙 − 𝑆𝑚𝑖𝑛
𝑆𝑚𝑎𝑥 − 𝑆𝑚𝑖𝑛
                                                                                                                                    (3.2) 
 
Where 𝑆𝑟 is the relative degree of saturation (0 ≤ 𝑆𝑟 ≤ 1); 𝑆𝑙 is the liquid degree of saturation; 
𝑆𝑚𝑖𝑛 is the minimum degree of saturation; 𝑆𝑚𝑎𝑥 is the maximum degree of saturation. The 
experimental data are compared with the Villar et al., 2008 (Villar et al., 2008) which has the 
following formulas:  
 
𝑆1 = (1 + (
𝑠
𝑃0
)
1
1−𝜆
)
−𝜆0
 𝑓𝑑                                                                                                                (3.3𝑎) 
  𝑓𝑑 =   (1 −
𝑠
𝑃𝑑
)
𝜆𝑑
                                                                                                                              (3.3𝑏)  
 Where 𝑠 is the suction, 𝑃0 is a parameter related to the air entry value (AEV) and λ0 is a 
parameter to control the shape of the curve (Van Genuchten, 1978). For more adequate values at 
34 
 
 
high suctions, fd is added to the formula. 𝑃𝑑 is a parameter related to the suction at 0 degree of 
saturation and λd is a model parameter, more details are provided in Villar et al, 2008 (Villar et al, 
2008). Figure 3.3 and Figure 3.4 show the soil water retention results of the fully-saturated 
specimen. The opted parameters used herein are: P0 = 0.01 kPa, λ0 = 0.075, Pd = 100 kPa, and λd 
= 2. The experimental data shows reasonable agreement with the model.  
  Based on our calculations, it was observed that the fully saturated specimen exhibited a 
degree of saturation greater than 1.0, which was obtained in near the fully saturation. A number of 
previous research reported similar observation, in fact that for highly plastic soils, the degree of 
saturation can be higher than 1.0 (e.g. Villar, 2002, Jacinto, et al., 2011). This may attribute to the 
natural mineralogy of bentonite in which the properties of the water molecules inside interlays of 
clay are different than that of the free water. Therefore, in this case, the effective degree of 
saturation was adequate to define the SWRC. 
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Figure 3.3 (a) Free drying path of SWRC of the fully-saturated specimen (slurry), (b) water 
content vs. suction 
 
 
(a) 
(b) 
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Figure 3.4 Continued. free drying path of SWRC of the fully-saturated specimen (slurry), (a) 
void ratio vs. suction, (b) void ratio vs. water content 
 
 
 
(a) 
(b) 
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3.4.2 Water retention curve of unsaturated-compacted specimen 
The soil water retention curve (SWRC) was determined by using the chilled mirror dew-
point psychrometer (WP4-T) for discrete measurements at high suction values (Decagon 1998-
2003). Twenty soil specimens were prepared identically at initial water content of 42.67% ± 0.5, 
and dry unit weight of 11.4 kN/m3 similar to the initial conditions used for direct shear interface 
tests and desiccation tests (chapter IV), as shown in  
Figure 3.5. The soil was compacted at the desired dry unit weight in three layers in a small 
stainless-steel ring of 75.6 mm diameter and 25.4 mm height. The inside perimeter of stainless 
steel ring was previously lubricated to avoid any disturbance for the specimen when was extracted. 
Then the specimen was then carefully extracted on a lubricated smooth acrylic plate. 
 
 
Figure 3.5 Specimens prepared for determining the drying and wetting paths of the soil water 
retention curve of unsaturated-compacted soil 
 
 
Ten specimens were prepared for determining the drying path of the soil water retention 
curve; they were allowed to dry at different water contents corresponded to various suctions in 
which SWRC can be plotted over a wide range of suctions and degrees of saturation. For wetting 
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path, additional ten specimens were allowed to dry till approached equilibrium, or no significant 
changes were obtained. After that, every specimen was wetted by distilled water to a certain degree 
of saturation; suction and volume changes were obtained. For each specimen, the volume 
measurement was determined by using a digital caliper. Afterward, the sample was divided into 
two portions. One was used for water content measurement, and the other portion was placed in 
the drawer of the WP4-T for suction measurement.    
Soil water retention curve (SWRC) of unsaturated-compacted soil prepared at initial water 
content of 42.67% and dry unit weight of 11.4 kN/m3 was defined in the plane of the suction and 
effective degree of saturation, as shown in Figure 3.6 and Figure 3.7 presents more results related 
to drying and wetting paths of the soil specimen. The experimental results are compared with the 
Van Genuchten, (1978) model (Van Genuchten, 1978) which has the below formula:  
 
     𝑆𝑟 =
𝑆𝑙 − 𝑆𝑚𝑖𝑛
𝑆𝑚𝑎𝑥 − 𝑆𝑚𝑖𝑛
= (1 + (
𝑃𝑔 − 𝑃𝑙
𝑃0
)
1/(1−𝜆)
)
−𝜆
                                                                          (3.4) 
   
Where P0 is a parameter related to the air entry value (AEV); λ is a parameter to control the shape 
of the curve; Pg is the gas pressure; and Pl is the liquid pressure.  𝑃𝑔 − 𝑃𝑙 is the capillary pressure 
(or suction); 𝑆𝑚𝑖𝑛 is the minimum degree of saturation; 𝑆𝑚𝑎𝑥 is the maximum degree of saturation; 
𝑆𝑙 is the liquid degree of saturation. The following parameters of Van Genuchten’s model are opted 
for drying and wetting curves, as follows; P0 = 10 MPa, λ = 0.6, and P0 = 3.2 MPa, λ = 0.65, 
respectively. 
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Figure 3.6 (a) Free drying & wetting paths of SWRC of the unsaturated-compacted 
specimen, (b) water content vs. suction 
(a) 
(b) 
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Figure 3.7 Continued. free drying & wetting paths of SWRC of the unsaturated-compacted 
specimen, (a) void ratio vs. suction, (b) void ratio vs. water content 
 
 
 
 
 
 (a) 
(b) 
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3.5 Compression behavior under wetting/drying cycles 
The soil is exposed periodically to precipitation and dry weather cycles in which causing 
accumulated and irreversible deformations in the soil mass. This gives rise commonly in expansive 
soils, resulting in problematic behavior of soils. Accordingly, it was beneficial herein to investigate 
the impact of wetting and drying cycles on the compression behavior of soil. Two specimens were 
prepared at similar initial water content of about 42.6% and compacted at dry unit weight of 11.4 
kN/m3 and then subjected to cyclic wetting/drying processes at different conditions. The two 
specimens were initially subjected to the first drying process, however under different loading 
conditions; the first one was subjected to free loading and the second one was subjected to a 
constant vertical stress, for example 10 kPa.  
The wetting and drying cycles were conducted in the same procedure of that one of 
conventional oedometer test. At the end of each cycle, the final height was obtained using 
deformation sensors. The results of both cases in Figure 3.8 show that the vertical deformation 
upon the first wetting cycle is the greatest one over the other subsequent cycles. Different results 
were obtained after the first cycle for the two cases of free loading and under 10 kPa vertical load. 
For free load case, the specimen experienced irrecoverable strains over cycles, while no vertical 
strains were obtained for the specimen that subjected to a constant load. For free load case, the 
amount of swelling and shrinkage decreased over cycles till approached to an equilibrium state 
after the third cycle in which no any significant deformations were obtained.  
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Figure 3.8 Compression behavior under wetting/drying cycles on compacted specimens 
prepared at w = 42.6 %, and ɣd = 11.4 kN/m3, under free loading and under vertical stress of 
10 kPa; W: Wetting, D: Drying 
 
 
3.6 Direct interface shear tests 
Two series of shear tests were performed under unsaturated and saturated conditions. The 
unsaturated-compacted specimen was prepared by mixing thoroughly the mixture with distilled 
water at the target water content of 42.67% (4.67% wet of OMC from the standard Proctor test, 
ASTM D698), and then stored for 24 hours to promote moisture equilibrium. The soil was then 
compacted in the shear box in three layers to achieve the required dry density of about 11.40 kN/m3 
(94.4% of γdmax as determined from the standard Proctor test, ASTM D698). Laboratory 
compaction composed of tamping to achieve approximately uniform application of compaction 
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energy to the top of each layer. The initial degree of saturation was determined 0.87 and the matric 
suction was measured 1000 kPa by using the chilled mirror dew-point psychrometer (WP4-T) 
(Decagon 1998-2003). 
The saturated-compacted specimen was initially prepared at the same initial conditions 
(i.e., w = 42.67%, and ɣd=11.40 kN/m3) of those of unsaturated-compacted specimen. Then the 
specimen was inundated with water and kept for fully saturation or until no significant swelling 
where the free swelling index was obtained to be 2.68%. The degree of saturation of the specimen 
was calculated to check whether the samples reach to fully saturation or not, if not, the specimen 
was re-inundated.  
In this study, 15 compacted specimens were subjected to direct shear testing under 
saturated conditions. These tests were referred as saturated direct shear and interface specimens. 
In addition, 15 unsaturated-compacted specimens were sheared under unsaturated conditions 
referred as unsaturated direct shear and interface specimens. For unsaturated specimen, the weight 
of the specimen was maintained constant during the whole period of the test by wrapping the 
specimen’s surface with plastic wrap. Consequently, the initial water content and corresponded 
matric suction were maintained constant during the entire time of the test. The suction was 
determined at the end of each test by using WP4-T.  
The conventional direct shear device was employed, the top half of the shear box was 
utilized, and the lower half consists of an acrylic square plate was sandwiched between the top and 
the bottom halves of the shear box, as shown in Figure 3.9. Two identical acrylic square bases 
were manufactured with the length of 88.9 mm and 6 mm of height. Triangular indentations of 1 
mm deep and spaced every 1.5 mm grooved each plate; one with circular spiral and the other one 
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with straight patterns. The direct shear-interface tests were performed by using the two plates: (1) 
using circular indentations (Figure 3.10a); (2) orienting the straight grooves perpendicular to the 
shearing direction (Figure 3.10b); and (3) orienting the straight grooves parallel with respect to the 
shear direction (Figure 3.10c); and smooth surface (Figure 3.10d) (Manzoli et al., 2017). The 
orientation of the coordinate system (s, l) based on the grooves’s direction. Accordingly, four 
counterfaces were utilized herein, including circular-spiral, orthogonal, parallel, and smooth 
surfaces, for studying the directional interface strengths under unsaturated and saturated 
conditions. Four series of direct shear interface tests were conducted for each condition. An 
additional series of direct shear tests were performed for each saturation condition without using 
any interface, where soil-soil shear strength can be determined. The soil-soil direct shear tests were 
performed for acquiring integral comprehension of the interface effect on the shearing behavior of 
soils at different saturation conditions. 
 
 
 
 
Figure 3.9 Modified direct shear box for testing soil-shear interface: a) front view, b) top 
view  
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Figure 3.10 Different types of plate surfaces: a) spiral grooves, b) grooves oriented 
orthogonal with respect to the shear direction, c) grooves oriented parallel to the shear 
direction, and d) smooth surface 
 
 
3.6.1 Direct shear testing procedure 
The direct shear test was performed followed the standard one (ASTM D3080, 2011). The 
experimental campaign of the shear tests was conducted on the ten series (circular grooves, straight 
grooves parallel, perpendicular to the shear direction, smooth interface and soil-soil) at three 
different vertical stresses, including 0 kPa, 6.2 kPa, and 15.5 kPa which had been selected to define 
the shear failure envelops of all tested specimens. All specimens were sheared at very low shear 
rate (i.e., 0.018 mm/min). The main purpose of selecting a slow shear rate was twofold; one to 
avoid overestimated shear strength parameters (e.g., friction angle, cohesion, and adhesion), 
second to prevent any changes in pore pressure during shearing for unsaturated specimens (Hamid 
and Miller, 2009). The test was terminated when the peak shear force value was obtained or until 
s 
(a) (d) (c) (b) 
l 
s 
s 
l s l 
l 
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no significant change observed.  For the saturated shear test, the specimen was initially allowed to 
saturate and freely swell at zero normal stress. The specimen was then consolidated at the target 
normal stress. After completion of the primary consolidation, the specimen was sheared. Shearing 
process was continued until the peak value of the shear force was clearly obtained or until the shear 
force stabilized at constant value. In case of unsaturated shear test, the surface of specimen was 
completely covered with plastic wrap to maintain constant water content and suction values during 
the test. 
3.6.2 Results and discussion 
The effect of shear direction on the interface strength was examined by using four 
counterfaces, as follows: circular-spiral grooves, perpendicular grooves, parallel grooves, and 
smooth surface. The soil-soil strength was also determined for comparison with shear interface 
strength. Figure 3.11 presents the evolution of shear stress against horizontal displacements for the 
experiments conducted under the vertical stresses of 0 kPa, and 15.5 kPa, and under unsaturated 
condition. For two cases, grooves were placed perpendicular to the shear direction. The shear stress 
gradually increased until the peak value then decreased after failure. The maximum shear stress 
was determined for the maximum vertical stress of 15.5 kPa.  
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Figure 3.11 Shear stress vs horizontal displacements for perpendicular grooves at 0, and 15.5 
kPa 
 
 
For all direct shear tests (soil-soil and interfaces), the shear failure envelops in the normal 
stress (σn) and maximum shear stress (τmax) plane are presented in Figure 3.12 and Figure 3.13 for 
saturated and unsaturated conditions, respectively. A comparison between all shear strength 
parameters is presented in Figure 3.14. Summary results of shear strength parameters are tabulated 
in Table 3.3. 
 For direct shear saturated specimens (soil-soil), ϕ’ and c’ refer to the effective friction 
angle and cohesion intercept, respectively, that determined from direct shear tests under saturated 
conditions (drained conditions). For unsaturated specimens (soil-soil), ϕb and cb indicate to the 
friction angle and cohesion intercept, respectively, with respect to matric suction effect. From 
saturated interface direct shear tests, δ’ and ca’ refer to the interface friction angle and adhesion 
intercept. Also, for unsaturated specimens, δb and cab indicate to the unsaturated interface friction 
angle and interface adhesion, respectively, with respect to the effect of matric suction. 
48 
 
 
 
 
Figure 3.12 Shear failure envelopes for saturated compacted specimens 
 
 
 
Figure 3.13 Shear failure envelopes for unsaturated-compacted specimens 
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Figure 3.14 Comparison results from shear failure envelopes; (a) interfaces friction angles, 
(b) adhesion/cohesion for all tested sets 
 
 
 
 
(a) 
(b) 
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Table 3.3 Summary results of direct shear tests of soil and four interfaces 
 
  c', c
b, ca',cab / (kPa)        φ', φb, δ', δb  
Interface type 
  
Saturated-
Compacted 
 
Unsaturated-as 
Compacted 
  
Saturated-
Compacted 
 
Unsaturated-
as Compacted 
 
Soil-Soil  3.34 22.44  15.70 30.62 
Perpendicular  2.45 16.76  13.80 20.01 
Circular  2.09 15.50  13.70 19.22 
Parallel  1.35 13.46  12.30 17.13 
Smooth  0.35 3.59  5.10 11.48 
  Note: c' & ca’: Saturated cohesion and adhesion intercepts, respectively. 
            cb & cab : Unsaturated soil cohesion and adhesion intercepts, respectively 
            φ'& δ': Saturated friction angle and interface friction angle, respectively. 
            φb & δb: Unsaturated friction angle and interface friction angle, respectively. 
 
Based on the results, some noteworthy findings were obtained: 
1. In the case of saturated-compacted tests, the shearing resistance of soil-to-soil 
dominated on those of perpendicular, circular, parallel, and smooth interfaces. For 
example, the values of c’ (3.34 kPa) and ϕ’(15.7o) of soil-to-soil are higher than the 
values of ca’ (2.45 kPa) and δ’ (13.8o) of perpendicular-interface. Perpendicular and 
circular-interfaces experienced the same shearing resistance with slight differences in 
the values of δ’ and ca’ (∆δ’= 0.1o and ∆ca’=0.36 kPa). In the case of perpendicular and 
parallel-interfaces, they exhibited different shearing behavior at failure planes, even 
though the two interfaces had the same surface roughness. This is likely due to the 
combination effect of shearing direction and surface roughness that resulted in different 
shearing strength parameters. Therefore, it is important to notice that the direction of 
sliding of the soil particles against interface during shearing is very considerable factor 
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should be accounted in stability analyses besides to the surface roughness. While in 
case of smooth-interface, the soil exhibited the lowest shear strength parameters. 
2. Results of unsaturated-compacted direct shear tests showed that the selected value of 
suction (i.e., S =1MPa) did reveal a considerable impact on the shearing behavior of 
soil. Before saturation stage, both saturated and unsaturated compacted samples 
exhibited similar structures (i.e., fabrics and internal bonding), however, under 
different saturation conditions, different shear strength parameters were obtained. This 
is largely due to the significant effect of air-water meniscus at shear plane for the case 
of unsaturated sample. It is known that the matric suction contributes in an increase in 
the effective stress of the soil, and as the effective stress increases the shear resistance 
increases, resulting in an increase in the shear strength at the failure plane. 
Consequently, as shearing process takes place, the unsaturated compacted sample 
gained more shear strength compared to saturated one. As mentioned before, the shear 
strength parameters of unsaturated-compacted tests of soil-to-soil dominated on those 
of saturated-compacted with values of ϕb (30.62o) and cb (22.4 kPa) (Table 3.3).  
3. In fact, the most interface impact was apparently obtained in unsaturated-compacted 
samples. For soil-to-soil tests, the value of ϕ’ (30.62o) is higher than the values of δ’ of 
interfaces with significant differences of about 10o, 11.4o, 13.5o, and 19.1o for 
perpendicular, circular, parallel, and smooth-interfaces, respectively. In addition, the 
corresponding values of c’ (22.4 kPa) decreased by about 5.7, 6.9, 9, 18.9 kPa for 
perpendicular, circular, parallel, and smooth-interfaces, respectively. While, for 
saturated samples, the highest reduction of the value of ϕ’ of soil-to-soil was 
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determined of about 3.6o for parallel-interface, except, smooth interface that showed 
the lowest values in all tested samples. 
4. Generally, for soil-interfaces tests, the values of δ’, δb and ca’, cab of the perpendicular 
interface are systematically higher compared to circular, parallel, and smooth-
interfaces, except for saturated-compacted samples were negligible differences 
observed between perpendicular and circular interfaces (∆δ’ = 0.13o, ∆ca’= 0.36 kPa). 
5. The lowest values of δ’ and ca’ (5.5o, 0kPa) were determined for smooth interface. The 
saturated-compacted sample experienced high reduction in the friction angle compared 
to unsaturated specimen. This may relate to potential distortion at the shear plane when 
inundating with water, resulting in a decrease in the shear strength.  
3.7 Summary and conclusions 
In this chapter a series of laboratory tests were conducted on a high expansive soil mixture 
consisted of 75% kaolin and 25% bentonite. The directional shear strengths were examined 
between the soil and four different interfaces involving; perpendicular, circular, parallel and 
smooth surfaces. The results have revealed that the shearing behavior of the soil is strongly affected 
by the interface patterns. The strength of unsaturated compacted soil is highly influenced more 
than that of saturated one. The highest strength is determined for the soil-soil and the lowest one 
was obtained for those experiments involving smooth interface. The strength for the case of 
perpendicular grooves is higher compared to the ones of circular, parallel, and smooth cases. The 
strengths of circular patterns are determined between the ones for perpendicular and parallel 
interfaces. The influence of different interfaces is mainly observed in the linear envelopes that 
used to define the shear strength parameters; the friction angles and the cohesion values.  
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CHAPTER IV  
DESICCATION PLATE TESTS AND DIGITAL IMAGE CORRELATION ANALYSIS (DIC) 
 
4.1 Introduction 
Formation of desiccation cracking is a natural phenomenon which occurs due to loss of 
water. Presence of cracks produces zone of weakness in soils, results in an increase in the 
compressibility and permeability, also, a reduction in the overall strength and stability. This may 
be destructive for geotechnical and geo-environmental structures. Cracks in soil can develop due 
to several processes comprising; desiccation and shrinkage, freezing and thawing, differential 
settlement, syneresis, and penetrated plant roots (Yesiller. et. al., 2000).  
So far, a number of experimental, modeling, and numerical studies has been performed to 
investigate the inception and propagation of desiccation cracks in soils (Morris et al., 1992, 
Albrecht and Benson 2001, Yoshida and Adachi 2004, Lakshmikantha et al., 2009, Atique et al., 
2009, Lu et al., 2013, Tang et al., 2011, Tang et al., 2016, Lopez-Bellido et al., 2016). However, 
the prediction of the initiation and propagation of cracking in soils still faces many challenges and 
needs more interpretation for a better understanding of this natural phenomenon.  
Desiccation cracking in soils is a very complex to predict due to the interactions that occur 
during the drying process among the soil grains, the boundary conditions, and the surrounding-
environmental conditions of the soil mass. Moreover, coupled hydro-mechanical and sometime 
the thermal processes occur when soil exposed to drying (Rodriguez 2006). There are no direct 
and accurate measurement techniques to quantify and analyze the morphology of cracks during 
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drying process. However, image analysis method has been recently adopted by some researchers 
to characterize the crack patterns on the surface (Baer et al., 2009, Lakshmikantha et al., 2009). 
This chapter investigates the potential desiccation cracks in a high expansive artificial soil 
mixture consisted of 75% kaolin and 25% bentonite. The desiccation plate-tests were conducted 
on thin layers of the soil mixture using two different soil-interfaces subjected to unsaturated and 
saturated conditions. Two different counter-faces; including smooth and circular groove, were 
used to study the effect of soil-interface on the cracking patterns. The effect of alternative 
wetting/drying cycles on the crack patterns had been investigated as well. The morphology of 
crack patterns was determined using the image analysis technique to analyzed and interpreted the 
effects on test outcome. Moreover, the Digital Image Correlation (DIC) technique was employed 
to understanding the emerging phenomenon behind soil cracking, particularly, during wetting 
process. 
4.2 Characteristic of cracking in soil 
The parameter of Crack Intensity Factor (CIF) was adopted by many researchers to 
quantify the magnitude of cracking in soils. CIF (Crack Intensity Factor) was initially opted as a 
descriptor to evaluate the crack patterns on the surface of soil specimen by Miller et al (1998). CIF 
is defined as the ratio of surface area of cracks to the total surface area of the drying soil sample. 
To determine the CIF, image analysis technique was employed as an efficient and accurate method 
to analyze the crack patterns of the soil from a number of images taken during cyclic processes. 
Recently, different software programs have been used to process the images, such as, MATLAB 
and image j software. In this study, all the images were processed by using the image j software, 
and then the CIF’s were calculated  
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4.3 Desiccation plate tests 
4.3.1 Objectives 
Desiccation plate tests were conducted on a high expansive artificial soil mixture consisted 
of 75% kaolin and 25 % bentonite. This chapter presents several desiccation tests performed on 
thin clay layers with thickness of about 12.7 mm.  The research herein was conducted to understand 
the effect of wetting/drying cycles on the initiation and propagation of cracks in soil under different 
initial conditions. These tests included the following:  
i) free desiccation tests (smooth-plate) subjected on saturated and unsaturated-compacted 
samples. 
ii) constrained desiccation tests (circular-spiral groove plate) subjected on saturated and 
unsaturated-compacted samples.  
iii) constrained desiccation tests subjected on a fully-saturated samples (slurry) inundated 
with salt solution. 
iv) a DIC analysis was used to understand the emerging phenomenon behind the initiation 
and propagation of cracks during cyclic wetting/drying processes. 
Two identical circular plates made from acrylic were fabricated with 150 mm of diameter 
and 12.7 mm of height. However, the beds of the plates were manufactured with different 
roughness, as follows; one with smooth surface and the other one with circular-spiral grooved 
surface. More details are explained in the following sections. 
The main objectives of these experimental tests are highlighted below: 
• to investigate the effect of two different soil-interfaces; including smooth and circular 
grooved interfaces, on the inception and propagation of cracks. 
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• to study the impact of the initial saturation conditions on cracking behavior of soils. 
• to investigate the influence of cyclic wetting-drying processes on the crack propagation. 
• to advance our understanding of the mechanism behind the initiation of crack, particularly 
during wetting process. 
The impact of sequential wetting-drying cycles on the initiation and propagation of cracks have 
been described and analyzed in this chapter. Significant findings behind the cracking mechanism 
were presented and highlighted. 
4.3.2 Experimental test methodology 
In this research, the impact of initial saturation conditions and the type of soil-interface 
were taken into our consideration in investigating the initiation and propagation of cracks. Three 
different desiccation tests were presented and described; including free and constrained desiccation 
tests on compacted soil samples. 
The compacted specimens were prepared at similar initial water contents and dry densities 
of those used for the ones subjected to the shear tests in the previous chapter. For both free and 
constrained desiccation tests, two groups of soil specimens were prepared under two different 
initial saturation conditions; consisted of unsaturated-compacted, and saturated-compacted 
samples. Each set consisted of two compacted soil samples; one sample was tested in a plate with 
smooth bed and the other one in a plate with circular-indentations.  
The unsaturated-compacted sample was prepared by mixing thoroughly the mixture with 
distilled water at the target water content of about 42.67% (+ 4.67% of OMC from the standard 
Proctor test, ASTM D698). Then the soil was stored for 24 hours to promote moisture equilibrium. 
The soil was then compacted in the plate in two layers to achieve the required dry density of about 
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11.40 kN/m3 (94.4% of γdmax as determined from the standard Proctor test, ASTM D698). 
Laboratory compaction composed of tamping was used to achieve approximately uniform 
application of compaction energy to the top of each layer. The initial degree of saturation and the 
matric suction obtained from WPT4 device were about 0.87 and 1000 kPa, respectively. 
The saturated-compacted sample was initially prepared at the same initial conditions (i.e., 
w = 42.67%, and ɣd=11.40 kN/m3) of those of unsaturated-compacted sample. Then the sample 
was inundated with water and kept for fully saturation or until no significant swelling observed. 
The degree of saturation of the sample was calculated to check whether the samples reached to 
fully saturation or not, if not, the sample was re-inundated. At the end of saturation process, it was 
found that the sample exhibited degree of saturations greater than 1.0. This is consistent with 
results that have been reported in the literature review (e.g., Villar 2002, Jacinto et al., 2011).  
4.3.2.1 Free desiccation tests (Smooth Plate Tests) 
Free desiccation tests (or smooth plate tests) were performed by using a circular plate with 
the diameter of about 15 cm and thickness of about 1.27 cm, where the ratio of the thickness to 
diameter is about 0.08. This plate was fabricated with a smooth base to prevent any mechanical-
restraints at the boundaries during drying-shrinkage process (Figure 4.1).  
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Figure 4.1 (a) The plate with smooth base for free desiccation tests, (b) a drawing of the 
smooth base 
 
 
The smooth plate was also lubricated with grease all around the boundaries to prevent any 
potential restrictions during shrinkage. Two soil specimens were prepared; including unsaturated-
compacted and saturated-compacted samples. In this study, the unsaturated-compacted and 
saturated-compacted samples prepared in smooth plates (free tests) are referred to “Smooth-
Unsaturated-Compacted” (SUC) and “Smooth-Saturated-Compacted” (SSC), respectively.       
4.3.2.2 Constrained desiccation tests (Circular-Spiral Plate Tests) 
A circular plate was fabricated with similar dimensions to those of smooth one. The base 
of this plate was grooved with triangular grooves 1 mm deep and spaced every 1.5 mm to have the 
circular-spiral patterns at the soil bed. The main notion of the constrained desiccation tests (circular 
plate tests) was to develop mechanical-restraints at the boundaries of the specimens during drying 
process, and thus, resulting in crack formation (Figure 4.2).  
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Figure 4.2 (a) The circular-spiral grooved base for constrained desiccation tests (b) a 
drawing of the grooved base 
 
Two soil samples were prepared with the same procedure as that of the free tests. The 
unsaturated and saturated-compacted samples are referred to “Groove-Unsaturated-Compacted” 
(GUC) and “Groove-Saturated-Compacted” (GSC), respectively. 
All free and constrained specimens were prepared and allowed to dry under controlled 
laboratory temperature and relative humidity (24±1 Co, RH = 52±2%) until the weights of the 
specimens were constant. An electronic balance with an accuracy of 0.01 gram was used to monitor 
the water loss over time where the water contents can be calculated. A digital camera was fixed 
directly above the soil specimen (perpendicularly) to capture the crack patterns during wetting-
drying cycles. The drying process was terminated when the weight of the specimen stabilized, or 
no more any significant change in the weight.  
4.3.2.3 Quantitative crack networks analysis by using image technique 
Digital image analysis technique (by using image j software) was employed to study the 
morphology of crack patterns on the surface of the samples at the end of each wetting-drying cycle. 
The procedure of digital image analysis was illustrated by (Atique A, Sánchez, 2009).  
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Figure 4.3 presents the experimental set-up of desiccation tests. The procedure that opted 
herein for image analysis technique is presented in Figure 4.4. Firstly, the digital image 
(TrueColor/RGB) of soil sample was converted to a grayscale image. In the conversion process, 
the grayscale image was obtained by converting the image to the type of 8-bit. Afterward, the 
background of the image had been subtracted from the image. Then, the grayscale image was 
converted to a binary black-and-white (B & W) image by thresholding technique. In this stage, the 
binary image has replaced all pixels in the grayscale image with luminance greater than a threshold 
value of 1(white) and the other pixels with the value 0 (black). So that, the binary image consists 
of only 1’s and 0’s, which represents the un-cracked and cracks areas respectively. Finally, an 
outline operation had been performed where the cracks and un-cracked areas can be obtained. Then 
the ratio of crack areas to the total area of the soil sample at the end of drying or wetting process 
can be determined as the crack intensity factor (CIF).  
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Figure 4.3 The experimental set up of desiccation tests 
 
 
 
 
Figure 4.4  Image processing: a) a TrueColor (RGB) image, b) converting the RGB image to 
a grayscale (8-bit), c) subtracting background, d) converting to a binary image, and e) outline 
operation 
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4.3.3 Experimental results of desiccation plate tests 
In this chapter, the initial saturation condition and the soil-interface type were taken into 
our consideration to investigate the formation and propagation of cracks in compacted soil. Results 
of desiccation plate tests are presented and described herein. The image j software was employed 
to characterize 2D cracking network. Cracking network of each soil specimen was characterized 
at the end of each cycle by using the Crack Intensity Factor (CIF).  
Unsaturated and saturated-compacted soil specimens were tested under constrained and 
free and subjected to a number of wetting/drying processes. The constrained condition was 
achieved at the soil bed by fabricating circular-spiral indentations, while the free condition was 
provided at the boundary condition using very smooth base of the plate (see Figure 4.5).  
 
 
 
Figure 4.5 Desiccation plates with two different base-surfaces a) circular patterns for 
constrained tests, b) smooth surface for free tests 
 
 
The notion of these tests is to investigate the cracking response of compacted soils at 
different initial conditions and soil-interfaces. The constrained saturated and unsaturated 
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compacted samples are referred to GSC and GUC respectively. Also, the free or smooth saturated 
and unsaturated compacted samples are referred to SSC and SUC respectively.  
4.3.3.1 Effect of wetting/drying cycles constrained specimens 
Cracking is a very intricate phenomenon to understand. This is mainly related to the 
complex hydro-mechanical behavior of soils during wetting and drying cycles. Hydro-mechanical 
behavior of soil is strongly relevant to the inter-aggregate and intra-aggregate pore size 
distributions resulting from different clod sizes and the moisture conditions (suctions) within and 
between clods (Cerato e. al., 2009). The initial conditions besides to soil structures (fabrics and 
inter-particle forces) are very considerable factors that should be accounted for understanding the 
hydro-mechanical behavior of a soil. The effect of wetting/drying cycles had been mainly taken 
into our consideration for studying cracking in addition to the coupled effect of initial saturation 
condition and soil-interface. Figure 4.6 shows the variations of water content over time during the 
drying cycles for the constrained saturated and unsaturated specimens (GSC & GUC), 
respectively. Figure 4.7 and Figure 4.8 present crack patterns of the GUC and GSC samples with 
the initial water contents of 42.7 % and 62 %, respectively. Three wetting/drying cycles were 
subjected on the saturated and unsaturated samples and one more drying cycle for the latter one. 
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Figure 4.6 Variations of water content over time during drying cycles, constrained samples 
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Figure 4.7 Crack patterns of constrained saturated samples (Groove-plate) at the end of each 
cycle (GSC) 
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Figure 4.8 Crack patterns of constrained unsaturated samples (Groove-plate) at the end of 
each cycle (GUC) 
 
 
In general, few cracks were developed in GSC and GUC specimens after the first drying 
with very low crack intensity factors (CIF’s), as follows; 1.16% for saturated specimen (GSC), 
and 0.65% for unsaturated one (GUC). Upon the first wetting, the saturated specimen experienced 
healing for the current cracks and developing news cracks at the end of the process (i.e., CIF = 1.2 
%). The unsaturated specimen (GUC) experienced some crack healing, where the CIF decreased 
from 0.65% to 0.46%, (see Table 4.1and Figure 4.9). Formation of few cracks in the first cycle 
indicates that the specimens underwent small irreversible deformation and negligible changes in 
the void ratios. Over wetting-drying cycles, more cracks propagated in both specimens. The 
saturated specimen (GSC) developed more cracks compared to the unsaturated one (GUC). This 
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may attribute to the initial water content which caused large irreversible deformations and decrease 
in the tensile strength of the saturated specimen (GSC) compared to unsaturated specimen (GUC). 
The results of drying cycles have revealed significant variations in the CIF’s of the saturated 
specimen (GSC) much more than those of the unsaturated specimen (GUC). Over wetting cycles, 
both specimens experienced swelling which resulted in healing and closure of some cracks that 
formed in the drying process. This is mainly related to that the soil mixture consisted of high 
swelling clay mineral of the montmorillonites, particularly, sodium bentonite (see Table 3.2) which 
is prone to expand largely when exposed to water. More wetting/drying cycles are required to 
investigate at what cycle the crack propagations may terminate. 
 
Table 4.1 CIF values of constrained- saturated and unsaturated specimens 
 
 
 
 
 
 
 
 
Sample  
1st 
drying 
 1st 
wetting 
 2nd 
drying 
2nd 
wetting 
3rd 
drying 
3rd 
wetting 
4th 
drying 
GSC 1.16 1.2 7.34 5.13 13.7 11.33 
 
N/A 
GUC 0.65 0.46 4.86 2.40 6.07 3.07 7.87 
Note: GSC & GUC: Constrained saturated and unsaturated, respectively  
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Figure 4.9 Variations of CIF’s of constrained- saturated and unsaturated samples under 
wetting/drying cycles 
 
4.3.3.2 Effect of wetting/drying cycles on free specimens 
Figure 4.10 shows the variations of water content over time for the free saturated and 
unsaturated samples (SSC & SUC) during three drying cycles. 
 
Figure 4.10  Variations of water content over time during drying cycles, free samples 
 
69 
 
 
Crack patterns of the free-unsaturated and saturated specimens subjected to wetting/drying 
cycles are shown in Figure 4.11 and Figure 4.12, respectively. As expected, neither saturated nor 
unsaturated samples developed cracks in the first drying. The smooth plate provided negligible 
friction at the soil bed, so that when the samples subjected to evaporation process, they freely 
shrank with no restrictions at the soil boundaries. In this case, due to low adhesion between the 
soil and the plate, no tensile stresses developed at interface, and that resulting in no crack 
formation. However, the free specimens developed few cracks upon wetting, and more cracks 
propagated over cycles. This may be attributed to the large deformations that experienced by the 
samples when soil wetted. As mentioned previously, the soil mixture used consisted of sodium 
bentonite which has very high capability to absorb water. It seems that during the first wetting, the 
sample absorbed a lot of water-molecules which caused in high swelling with large irreversible 
deformation, as a consequence, cracks developed.  
Another interpretation is that the samples exhibited large deformation and change in stress 
state during cycles.  Initially the soil particles were oriented in a way due to the compaction 
process. When the sample subjected to drying, the sample shrank in different orientations than 
those in the initial state (different soil fabric and interparticle forces), for example, from parallel 
to flocculated arrangements. This may cause roughness between the contacts of the soil particles. 
This roughness may become constrains at the contact surfaces of the soil particles, as a result 
tensile stresses generated. When the developed tensile stresses exceed the tensile strength of the 
sample, cracks developed. Accordingly, a unique free desiccation test was performed to understand 
the emerging phenomenon behind crack formation in one hand during wetting, and in the other 
hand why cracks develop under free condition. More details are provided later. 
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Figure 4.11 Crack patterns of free saturated specimens (Smooth-plate) at the end of each 
cycle (SSC) 
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Figure 4.12  Crack patterns of free unsaturated samples (Smooth-plate) at the end of each 
cycle (SUC) 
 
It was observed that the saturated and unsaturated samples have almost similar CIF’s in the 
first and the second cycles (see  Table 4.1 and Figure 4.13). However, after the second cycle, the 
saturated sample developed more cracks than the unsaturated one.  
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 Table 4.2 CIF values of constrained- saturated and unsaturated samples 
 
 
 
 
 
 
Figure 4.13 Variations of CIF’s of free-saturated and unsaturated samples under 
wetting/drying cycles 
 
4.3.4 Summary of constrained and free desiccation tests results 
Figure 4.14 presents the variations of CIF’s of all tested specimens involving: GSC, SSC, 
GUC, and SUC. Some significant observations may be made from the desiccation tests: 
Sample  
1st 
drying 
 1st 
wetting 
 2nd 
drying 
2nd 
wetting 
3rd 
drying 
3rd 
wetting 
SSC 0 0.87 3.57 3.48 7.6 6.5 
SUC 0 0.28 3.39 1.88 4.77 3.23 
Note: SSC & SUC: Free saturated and unsaturated, respectively  
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Figure 4.14 Variations of CIF’s of free and constrained-saturated and unsaturated samples 
under wetting/drying cycles 
 
• In general, it can be noticed from  
•  that the initial water content influences on cracking behavior of soil, where GSC and SSC 
exhibited higher CIF’s compared to those of GUC and SUC. 
• For the saturated specimens, the interface type influenced on the cracking behavior, where 
the GSC exhibited higher CIF’s than those of SSC; more tensile stresses developed in the 
constrained tests. 
•  Even though negligible constrains were provided between the soil and the smooth 
interface, the free samples (SSC and SUC) exhibited evolution and propagation of cracks 
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during the wetting/drying cycles. This indicates that the interface factor can’t be taken as 
the only factor in interpreting the cracking mechanism in soils. 
• The significant effect of the cyclic wetting/drying processes on the evolution and 
propagation of cracks in soils can be highlighted in this study. More cracks developed each 
cycle till reach to an equilibrium state of no significant cracks observed.   
• Although all unsaturated and saturated samples were compacted at high compaction 
energy, where this degree is highly recommended to compact some geotechnical 
structures, such as embankments (i.e., 94.4% of γdmax as determined from the standard 
Proctor test, ASTM D698), they all experienced cracks when subjected to alternatives 
wetting/drying cycles regardless to the restriction conditions at the soil boundaries (i.e., 
soil-interface) and the initial saturation conditions.  
• The high expansive soil mixture used in this study consisted of bentonite which is mainly 
consisted of the montmorillonite (sodium bentonite). The montmorillonite has a very 
strong hydrophilic property, which can form a thick film of water molecules around the 
clay particles, and this can provide greater swelling and shrinkage during wetting and 
drying processes, respectively. Upon wetting, the water molecules coat the clay particles 
to form a thick film, this create large spaces between the particles. During the drying 
process, the free water in the soil is gradually vaporized, and then the spaces between the 
particles become smaller, proceeding drying results in much thinner film. Consequently, 
the soil structure is completely changed in which the pores decrease and the clay particles 
tend to move toward each other in different orientations than those in the initial state, and 
then cracks will generate when the tensile stresses exceed the tensile strength of the soil. 
75 
 
 
It can be concluded that the volumetric deformation (swelling/shrinkage) of soils is the 
originator factor of evolution and propagation of cracks. The volumetric deformation is 
strongly relevant to the type of clay minerals of soils. 
4.4 Constrained desiccation tests under osmotic suction condition 
Various frameworks have been adopted to interpret the initiation and propagation of 
desiccation cracks in soils; net-stresses and suction (e.g. Morris et al., 1992, Rodríguez, et al., 
2007); total stress concept (e.g., Péron et al., 2009, Amarasiri et al., 2011); the effective stress 
concept (Shin and Santamarina, 2011), and the combination of both total and effective stress 
concepts (Abu-Hejleh and Znidarcic, 1995). 
On one hand, some investigations state that the inception of cracks is associated with the 
increment of tensile stress during drying process, and hence the formation of the soil cracks occurs 
when the stresses surpass the soil tensile strength (Rodríguez et al., 2007, Amarasiri et al., 2011,). 
On the other hand, other studies support the notion that desiccation cracks generate under 
compressive effective stress state conditions (Shin and Santamarina, 2011). The two common 
conceptual frameworks of cracking mechanism, including tensile failure and air-invasion, are 
presented in Table 4.3. 
 
 
 
 
 
 
 
 
 
 
 
76 
 
 
Table 4.3 Common hypothesis opted for conceptual cracking mechanism 
 
 
 
4.4.1 Experimental methodology 
Some researchers have supported the tensile failure criteria in interpreting the cracking 
mechanism of soils; the crack initiates when the tensile stresses exceed the tensile strength of soil 
(Morris et al., 1992, Konard and Ayad, 1997, Tang et al., 2011, Rodríguez et al., 2007, Sánchez et 
al., 2014). On the other hand, others have adopted the hypothesis that the crack initiates when air 
Name Conceptual framework Description References 
Tensile 
failure 
 If a fully saturated soil 
subjected to drying, the 
water-air interface meniscus 
develops on the surface of the 
soil, then the cracks generates 
at the surface due to distortion 
and shrinkage and/or because 
the tensile stresses exceed the 
tensile strength of the soil  
Sánchez et al., 
2014,  
Tang et al., 
2011, 
Rodríguez et al., 
2007,  
Konard and 
Ayad, 1997, 
Morris et al., 
1992 
Air-
invasion 
 
 
When air invades the water-
air interface meniscus, the 
crack initiates 
Shin and 
Santamarina, 
2011 
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invades the interfacial membrane of the soil under compressive effective stress state conditions 
(Shin and Santamarina, 2011). In response to that, desiccation tests were implemented herein on 
fully saturated specimens subjected to osmotic suction, while inundating with salt solution. 
The main concept of this testing is that the fully saturated soil specimen (slurry) was 
exposed to osmotic suction through inundating the soil with a saturated salt solution.  Liquid 
transfer method was employed to impose suction inside the soil. In this case, the soil was not 
allowed to dry under atmospheric; and hence the air was prevented to invade the surface of the soil 
and results in cracks, according to Shin and Santamarina, 2011. In my study, constrained condition 
was provided to induce the tensile stresses at the soil-interface when the soil tends to dry due to 
the effect of osmotic suction. Two high expansive soils were used; one is an artificial soil mixture 
of 75% kaolin and 25 % bentonite, and the other one is a natural soil collected from the railroad in 
Texas. More details of materials and methods are provided in the following sections.  
4.4.2 Materials and methods 
Two high expansive soils were used including soil mixture of 75% kaolin and 25% 
bentonite, and a natural soil collected from Texas railroad. The desiccation tests herein were 
performed using two different desiccation molds with different groove patterns, and salt solutions. 
A circular plate and a rectangular perspex mold were grooved with different patterns in the bases. 
The circular plate was fabricated and grooved similarly to the plates that utilized in the previous 
constrained desiccation plate tests. In addition, very small holes were manufactured at the base to 
allow the soil-water drains when the salt solution occupy the voids in the soil sample. Another ring 
with the same diameter of 15 cm was fixed on the top of the first plate in order to provide more 
space for adding the salt solution on the surface of the sample (see Figure 4.15). 
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Figure 4.15 a) The plate with grooves and holes, b) schematic drawing of the base  
 
The rectangular Perspex mold was used with the length of 15.9 cm, width of 2.9 cm and 
1.42 cm of thickness. Three small rectangular pieces fabricated from polycarbonate sheet with 
height of 2.4 mm and length of about 15 cm were glued in the base of the mold to provide 
restrictions during desiccation process (see Figure 4.16). 
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Figure 4.16 The rectangular Perspex mold; (a) top view, (b) front view, (c) Top view after 
gluing the rectangular pieces, (d) schematic drawing of the groove patterns (using 
MgCl2.6H2O) 
 
For the soil mixture of 75% kaolin and 25% bentonite, two soil specimens were prepared 
at similar initial water content of 90.19 % and dry density of 7.848 kN/m3. One sample was 
prepared in the circular plate and then inundated with the saturated salt solution of calcium nitrate 
tetrahydrate (Ca(NO3)2.4H2O) provided a suction of 92 MPa measured by using WP4-T 
(Decagon (1998-2003), (see Figure 4.17). The other specimen was prepared in the rectangular 
perspex mold and then submerged with Magnesium Chloride Hexahydrate solution 
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(MgCl2.6H2O) which provided a suction of 152 MPa measured by using WP4-T (Decagon (1998-
2003), see Figure 4.18. 
 
 
Figure 4.17 (a) & (b) Crack patterns of a fully saturated soil sample consisted of 75% kaolin 
and 25% bentonite submerged in Ca(NO3)2.4H2O (w = 90.19%, ρ
d
=7.848 kN/m3) 
 
 
 
Figure 4.18 (a) & (b) Crack patterns of a fully saturated natural soil submerged in 
MgCl2.6H2O (w = 66 %, ρd=7.848 kN/m3) 
 
For the natural soil, one fully saturated soil specimen (slurry) was prepared at initial water 
content of 66 % and dry density of 7.848 kN/m3. The soil was placed in two layers to the desired 
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initial dry unit weight using the same circular plate used previously for the artificial soil mixture 
A very light tamping was subjected to each layer in order to remove all the air bubbles from the 
soil sample. Then the sample was immediately inundating with a fully saturated salt solution 
(calcium nitrate tetrahydrate, Ca(NO3)2.4H2O).  Photos were taken by a digital camera to capture 
the crack patterns (Figure 4.19). 
 
 
Figure 4.19 (a) & (b) Crack patterns of a fully saturated natural soil submerged in 
Ca(NO3)2.4H2O (w = 66 %, ρ
d
=7.848 kN/m3) 
 
4.4.3 Results and discussion 
Figure 4.17, Figure 4.18 and Figure 4.19 show the evolution of cracks under constrained 
condition while inundated in fully-saturated salt solutions. It was observed that when the 
specimens were inundated with salt solutions, cracks developed within few minutes. However, the 
salt solution made the photos blurred and unclear for analyzing purposes.  
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It is apparent that our finding is completely contradict with the crack mechanism that 
reported by Shin and Santamarina (2011). Shin and Santamarina (2011) reported that cracks initiate 
when the air invades the saturated soil, resulting in an increase in the suction. Accordingly, based 
on the observation of evolution of the cracks under salt solution, it is clear that the mechanism of 
air invading is not reasonable and reliable to interpret the formation of desiccation-induced cracks. 
4.5 Digital Image Correlation analysis (DIC) for soil cracking 
Digital Image Correlation (DIC) which is also known as Particle Image Velocimetry (PIV) 
is an image-based deformation measurement technique in progressively widespread use in 
multidisciplinary fields, such as, fluid, solid and soil mechanics. The use of DIC analysis provides 
full and continuous measurments of displacemnets/strains fields that would be equivalent to 
numerous of sensors. Thus, this method could be low-priced, easier, and more competitive than 
other techniques in the research area. DIC technique was originally developed in the area of the 
solid mechanics (i.e., Sutton et al., 1983) to measure the field of strains on the surface of a 
specimen subjected to mechanical loading. In the beginning of the late 1990s, some researchers 
started to study the failure mechanism of soils using image-based deformation measurements 
(White et al., 2003, Costa et al., 2008a, 2008b, Stirling et al., 2015). They invistigated the 
variations of field displacements/strains during soil cracking using the digital image correlation 
(DIC) analysis method. They have realized that the DIC technique is capable to enhance our 
understanding of soil mechanics in geotechnical applications (White et al., 2001, 2003, Costa et 
al., 2008a, 2008b, Take, 2015, Stirling et al., 2015, QI el al., 2017). Therefore, more research based 
on DIC analysis is still growing in the area of the soil mechanics. 
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Previous and recent research have employed different computer programs for DIC analysis, 
such as, the Geo-PIV and MATLAB. In our study a MATLAB code developed by (Mori & Chang, 
2003), was utilized for computing full displacement fields of the cracked soil surface. In this 
section, the DIC method was employed to capture the displacement fields of the deformed soil 
during drying/wetting cycles Digital Image Correlation (DIC) technique. 
The Digital Image Correlation technique (DIC) detects planer displacements (2D) of a 
deformed surface by correlating between a pair of images captured before and after deformation. 
The DIC analysis method is contactless, and full fields of displacements can be determined without 
introducing sensors into the soil specimen. The soil behavior herein is explored within the context 
of stress-strain behavior with incorporating cracking behavior and displacement fields for 
interpreting the complete behavior of soil when exposed to wetting/drying cycles. 
The DIC analysis significantly includes image-based computer analysis of pixel movement 
measured between a pair of digital images. The two images involve the reference image which is 
captured before any deformation occurs, and the second image captured when deformation takes 
place at certain time (see Figure 4.20). Initially, the surface of the undeformed-soil specimen which 
is corresponding to the reference image is textured (dotted) by using an artificial speckle pattern. 
At different time intervals, a number of images are then taken for the surface of the deformed 
specimen. A correlation of the corresponded points in the dotted surface between the reference 
(undeformed) and deformed images is then conducted by using DIC analysis software. The 
accuracy and precision of DIC analysis significantly depends on the capability to capture the 
variation in the pixel intensity values between two images.  
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The speckle pattern is a significant criterion should be well considered in the DIC analysis. 
The soil’s surface is textured by applying speckle pattern, either by using seed particles, such as 
sand (Costa, et al., 2008b), or by using paint. There are two primary components for a suitable 
speckle pattern. Firstly, the speckles (points) should be small enough and well-distributed on the 
whole surface, so that the camera can captured their motion in every subset.  Secondly, high 
contrast must be maintained for distinguishing the speckle pattern during image capture, hence, 
ensure matching the points. Poor speckle pattern may cause mis-recording of the incremental 
displacements in some subsets.  
 
Figure 4.20 Digital Image Correlation principle 
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4.5.1 DIC experimental set up and materials 
 Two identical soil specimens were prepared at similar initial water content of about 50% 
(+12% of optimum moisture content) and compacted at the same dry unit weight of 10.34 kN/m3 
(85% of γdmax as determined from the standard Proctor test, ASTM D698), and degree of saturation 
of about 87.13%. The smooth and circular-spiral-grooved base desiccation plates that used 
previously were employed for free and restrained conditions. The notion from theses test is to 
interpreting some previous findings of desiccation tests presented in this chapter. In particular, 
why the soil develops cracks when wetted?  
 The best strategy to obtain high-quality images for DIC analysis is typically ensured by 
creating an appropriate speckle pattern on the soil’s surface. The surface of the soil specimen was 
prepared for the DIC monitoring by applying speckle pattern. This was accomplished by using 
black aerosol paint sprayed from an appropriate distance and angle to achieve good prevalence 
and coverage, as shown in Figure 4.21. In this study, it was not applicable to use seed particles, 
such as sand (Costa et al., 2008b) to create speckle pattern on the specimen’s surface. The only 
reason is that when specimen wetted, the speckles leave their places in response to adding the 
water not in response of soil behavior. This leads to missing out the reference coordinates of the 
speckles, resulting in significant errors in the actual movement of the particles in response to soil 
behavior during wetting.  
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Figure 4.21 Speckle patterns on the surface of the specimen for DIC analysis 
 
A digital camera (Canon Camera-Power Shot G11) with the highest resolution of (3648-
pixel x 2736-pixel) was mounted directly above the soil specimen (perpendicularly) to capture a 
series of photos during the cyclic processes. Image capture was performed automatically by using 
remote control connected to the camera every 30 minutes during testing. Cold light sources were 
positioned to maintain high contrast of the speckle pattern on surface during testing. The 
experimental set-up is described in Figure 4.22. 
87 
 
 
 
           Figure 4.22 Experimental set up for DIC analysis 
 
 
4.5.2 Results of DIC analysis 
A series of digital images were taken for every wetting/drying process for measuring the 
displacement fields at different time intervals, particularly when soil cracked. For DIC analysis, 
the reference image was taken at the beginning of the wetting or drying process, and then all the 
images were captured every 30 minutes. Initially, the TrueColor/RGB images was processed by 
using Image J software to be prepared for DIC based-MATLAB analysis. Firstly, the digital image 
(TrueColor/RGB) of soil sample was converted to a grayscale image. The grayscale image was 
obtained by converting the image to the type of 8-bit. Afterward, the background of the image had 
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been subtracted from the image. Then, the grayscale image was converted to a binary black-and-
white (B & W) image. The image processing procedure is described in Figure 4.23. 
 
 
 
Figure 4.23 Image processing for DIC analysis; (a) TrueColor/RGB image, (b) grayscale (8 
bit), (c) subtract background, (d) binary 
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4.5.2.1 DIC results of free restrained specimen 
The specimen was subjected to three wetting/drying cycles under free restricted condition. 
Full displacement fields have been developed for representative the hydro-mechanical behavior of 
the specimen. The displacement fields are provided for every wetting/drying process. Within each 
time series, similar scale has been used. Based on the MATLAB code (Mori & Chang, 2003) that 
used for DIC analysis, the smoothing process of unrealistic changes (i.e., red vectors) in vectors is 
highly recommended when use 50% overlap ratio. The overlap is held when two cameras capture 
two images with overlap between them. In our experiment, one camera was utilized, and hence no 
overlap option is considered in the results.  
Figure 4.24 and Figure 4.25 present the displacement localization after 30 hours and near 
the end of the first drying, respectively. As expected for free desiccation test, the specimen 
exhibited isotropic shrinkage with no cracks development in the first drying. The specimen dried 
equivalently in both directions of x and y, when drying proceeded, the specimen continued 
isotropic shrinkage without crack formation. Unforeseen results were then obtained upon wetting; 
the specimen expanded instantaneously in nonuniform way, as consequence, few cracks 
developed, as shown in Figure 4.26.This is strongly related to the changes in soil structure 
involving configurations of soil particles and stress state. In the first drying, initially the soil 
particles arranged in different way than that after the first drying, for example, from parallel to 
flocculated configurations. This developed roughness contacts between the soil particles resulting 
in tensile stresses. Upon wetting, the soil particles tended to expand due to water absorption and 
changed its arrangement from flocculated to parallel, thus cracks developed.  
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During the second drying, it was clearly observed that the displacement vectors in the 
middle part of the soil are smaller than those of the boundary ones. This is assured on having 
constraining shrinkage during drying, as seen in Figure 4.27 and Figure 4.28. Upon the second 
wetting, it was observed healing and closure of the primary crack that developed in the second 
drying, while soil continued expansion new cracks formed, as show in Figure 4.29.  
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Figure 4.24 Compacted specimen during 1st drying at t= 30 hrs; (a) a true color photo; (b) 
specimen with displacement vectors; (c) displacement fields in x & y (pixels); (d) vorticity 
contours 
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Figure 4.25 Compacted specimen during 1st drying; at t= 133.5 hrs; (a) a true color  
photo; (b) specimen with displacement vectors; (c) displacement fields in x & y (pixels); (d) 
vorticity contours 
 
(b) 
(a) (c) 
(d) 
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Figure 4.26 Immediately after 1st wetting; (a) a true color photo; (b) specimen with 
displacement vectors; (c) displacement fields in x, y (pixels) (d) vorticity contours 
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Figure 4.27 After 6 hours from 2nd drying; (a) a true color photo; (b) specimen with 
displacement vectors; (c) displacement fields in x, y (in pixels); (d) vorticity contours 
 
 
 
 
(c) (a) 
(b) (d) 
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Figure 4.28  At failure-2nd drying: (a) a true color photo; (b) specimen with displacement 
vectors; (c) displacement fields; (d) vorticity contours 
 
 
 
 
 
(b) 
(a) (c) 
(b) (d) 
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Figure 4.29 Immediately after 2nd wetting; (a) true color photo; (b) specimen with 
displacement vectors, at end of 2nd wetting; (c) true color photo; (d) specimen with 
displacement vectors 
 
 
 
 
 
 
(a) (b) 
(c) (d) 
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4.5.2.2 DIC results of constrained specimen 
The displacement vectors during the first drying are presented in Figure 4.30, Figure 4.31 
and Figure 4.32. In the first drying, the small displacement vectors indicate that the specimen was 
shrinking under restrained condition. This restrained is presumed to arise due to the circular-spiral 
grooves at the soil bed. The initiation of the crack is clearly observed in Figure 4.30. It was 
observed large displacement vectors obtained perpendicularly to the crack, while small ones in the 
rest of the specimen. While the drying process proceeded, the specimen was shrinking under 
restrained condition. When the tensile stresses exceeded the tensile strength of the material, the 
crack formed at defect or weaker region. Upon the first wetting, the specimen exhibited 
nonuniform expansion. This resulted in healing of the present cracks and developing a very small 
crack, as shown in Figure 4.33. In the second drying, the specimen experienced nonuniform 
shrinkage where more cracks propagated, as seen in Figure 4.34. During the second wetting, the 
specimen expanded in nonuniform way where no crack healing was obtained, as presented in 
Figure 4.35. More cracks formed over the third drying (Figure 4.36). 
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Figure 4.30  At initial crack-(5 hours)-1st drying: (a) a true color photo; (b) specimen with 
displacement vectors; (c) displacement fields; (d) displacement fields after smoothing 
(a) 
(b) 
(c) 
(d) 
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Figure 4.31 After 16 hours 1st drying: (a) a true color photo; (b) specimen with displacement 
vectors; (c) displacement fields; (d) Vorticity 
 
 
 
(a) 
(b) 
(c) 
(d) 
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Figure 4.32 After 24 hours 1st drying: (a) a true color photo; (b) specimen with displacement 
vectors; (c) displacement fields; (d) Vorticity 
(a) 
(b) 
(c) 
(d) 
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Figure 4.33 After 22 minutes 1st wetting: (a) a true color photo; (b) specimen with 
displacement vectors; (c) displacement fields; (d) Vorticity 
 
 
 
(a) 
(b) 
(c) 
(d) 
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Figure 4.34 After 24 hours 2nd drying: (a) a true color photo; (b) specimen with displacement 
vectors; (c) displacement fields; (d) Vorticity 
 
 
 
(a) 
(b) 
(c) 
(d) 
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Figure 4.35 Immediately after 2nd wetting: (a) a true color photo; (b) specimen with 
displacement vectors; (c) displacement fields; (d) displacement field after smoothing
(a) 
(b) 
(c) 
(d) 
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Figure 4.36 After 24 hours 3rd drying: (a) a true color photo; (b) specimen with displacement 
vectors; (c) displacement fields; (d) vorticity 
 
 
 
 
 
(a) 
(b) 
(c) 
(d) 
105 
 
 
4.6 Concluding remarks 
• In general, the constrained specimens experienced more cracks than the free ones. 
Although negligible constrains were provided between the soil and the smooth interface, 
the free specimens experienced cracks during cycles. This indicates that the interface factor 
can’t be taken as the only factor for inducing cracks in soils. 
• The significant effect of the cyclic wetting/drying processes on the evolution and 
propagation of cracks in soils can be highlighted in this study. More cracks developed each 
cycle till reach to an equilibrium state of no significant cracks formed.   
• The initial saturation condition has a significant effect on desiccation cracking where the 
saturated specimens experienced more cracks than those of unsaturated ones. 
• Although all unsaturated and saturated samples were compacted at high compaction 
energy, where this degree is highly recommended to compact some geotechnical structures, 
such as embankments (i.e., 94.4% of γdmax as determined from the standard Proctor test, 
ASTM D698), they all experienced cracks when subjected to alternatives wetting/drying 
cycles regardless to the restriction conditions at the soil boundaries (i.e., soil-interface) and 
the initial saturation conditions.  
• It is believed that DIC technique can be a beneficial tool for analyzing stresses and strains 
distribution during cracking. 
• Formation and propagation of cracks in soil are strongly related to the variations in the 
configurations of soil’s particles and stress state that occur during alternative shrinkage and 
swelling/expansion when subjected to drying and wetting, respectively. 
• The most interesting finding in this study is that cracks may develop during wetting. 
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CHAPTER V  
  A NEW INNOVATIVE DEVICE FOR MEASURING TENSILE STRENGTH OF SOILS 
DURING WETTING/DRYING CYCLES 
 
5.1 Introduction 
Many geotechnical problems arise from variations of moisture content and volume; for 
example, swelling and shrinkage in expansive clays. During wet seasons, soil may experience 
swelling or expanding in the volume. While during dry seasons, soil may exhibit reduction in 
volume (shrinkage), resulting sometimes in crack formation. Cracking in soil is a common 
phenomenon which occurs due to evaporation of water from soils during dry climate. These 
desiccation cracks may take place in naturally deposited soils as well as engineered soils, such as 
roadway embankments, compacted fills, slopes, hydraulic barriers, and buffers. Desiccation cracks 
may turn into a preferential passageway for water flow and contaminates transport in soils 
(McBrayer. et al., 1997, Albrecht and Benson, 2001, Greve et al., 2010). Also, presence of cracks 
may cause large variations in the hydraulic and mechanical characteristics of the intact soils, and 
this may become critical and destructive on the performance of a number of geotechnical, geo-
environmental, and geological projects, such as landfill cover, clay liner, and industry waste 
(Omidi et al., 1996, Albrecht and Benson, 2001, Tang, et al., 2011).  
In this chapter, the effect of cyclic wetting/drying processes on the evolution and 
propagation of cracks has been examined. Soil cracking propagates after every new cyclic 
wetting/drying till approaches to the equilibrium state in which no significant cracks develop. This 
phenomenon is strongly relevant to the variations of hydro-mechanical characteristics of soils.   
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Tensile strength is a useful indicator for studying the mechanical behavior of soils. It plays 
a significant role in several engineering applications. Over many years, the mechanism of tensile 
failure has been paid attention by several researchers to interpret many failures of earthen 
structures.  This chapter introduces the first generation of a new tensile device for determining 
tensile strength of soil during sequential drying/wetting cycles. The determination of tensile 
strength has been coupled with the study of desiccation cracking during cyclic wetting/drying. The 
acceptability and feasibility of the new device and procedure have been evaluated. 
5.2 Objectives 
The underlying objective herein was to investigate the variations of tensile behavior of 
soils subjected to multiple drying and wetting cycles when exposed to circumstances as in field. 
The motivation of this work was stemmed from the observation of crack propagation under 
successive drying/wetting cycles. Most researchers come into an agreement that accumulated 
irreversible deformations, such as swelling and shrinkage, may occur upon multiple wetting and 
drying cycles associated with significant variations in soil fabric. These changes may influence on 
hydro-mechanical response of soil, and as a result cracks propagate. Under drying, soil may 
experience irreversible deformations in fabric resulting in crack formation, while upon wetting, 
soil may undergo softening/weakening response in which sometimes provides healing and closure 
to the cracks that formed in the drying process. However, these cracks remain weak region and 
under the alternate drying cycle, the cracks re-open and propagate increasingly. After a certain 
number of drying/wetting cycles, the cracks remain unchanged. In response to that, considerable 
research has been triggered herein to investigate the variations of tensile behavior of soils during 
wetting and drying cycles. 
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Of particular significant in understanding of cracking mechanism, a new approach of 
tensile testing is utilized in this work to examine tensile strength during sequential wetting and 
drying cycles. This new approach consists of subjecting the soil to drying process in which the 
tensile stresses may develop at soil-interface due to an increment in matric suction, and thus cracks 
form. Previous laboratory tensile studies have been hindered a numerous of difficulties 
comprising; the soil sampling, detachment between the soil sample and tensile mold during the 
test, and the very high-water content of the soil sample. Consequently, my research had promoted 
more crucial improvements on tensile testing which simulates the natural conditions of soils as in 
field. 
5.3 Methodology 
5.3.1 Design of experiment and test principle 
A new approach has been developed to examine the variations of tensile strength of soil 
when subjected to wetting/drying cycles. The fundamental concept of the new testing method is 
that the soil develops tensile stresses when exposed to natural circumstances during drying process 
as in the field without employing any external tensile stresses. The tensile tests were performed 
under fully restricted condition in which no motion was allowed for the free part of the device. 
This was performed by completely holding the free part by the load cell to prevent the lateral 
displacement during shrinkage and expansion when drying and wetting, respectively. 
The soil experiences either increase of suction under drying or decrease under wetting. This 
results in generating tensile stresses during drying or stress releasing (i.e., reduction in the tensile 
stresses) upon wetting. To induce tensile stresses, restraints were provided during cyclic processes 
through employing protrusions at the soil bed. Rectangular protrusions were fabricated to induce 
109 
 
 
and mobilize tensile stresses at the soil bed during drying /wetting cycles. When the tensile stresses 
exceed the tensile strength of the soil cracks develop.  Also, the protrusions can provide an 
attachment at soil-bed where the load cell which is attached to the side and the bed of the free jaw, 
can measure the developed tensile forces. 
The new tensile device consists of two halves of jaws with the square dimensions of the 
closure 150 mm x 150 mm and 25.4 mm of thickness. One half is fixed and the other one sets on 
ball bearings to induce free movement with minimal friction between the base and the surface. A 
small gap is introduced where the two halves join in order to prevent developing tensile forces 
between the two halves. U-shaped channel is mounted directly below the gap for allowing the 
excess water to drain when the soil sample subjected to wetting process. A micro sized load cell 
with the dimensions of 19.1 mm x 19.1 mm x 6.4 mm is connected to the movable half of the 
tensile box to measure the developed tensile loads during wetting and drying cycles. The only 
reason of using a micro load cell is to prevent the soil specimen undergoing fracture failure due to 
the weight of the load cell during the test. The load cell has the capacity up to 200 N (50 lb) with 
a full resolution of 0.01% (0.02 N or 0.0045 lb). Figure 5.1 provides more details in the new tensile 
apparatus. 
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Figure 5.1 (a) the new tensile device; (b) & (c) schematic drawings for the device 
 
 
5.3.2 Materials and methods 
Tensile tests were performed on compacted specimens of a high expansive soil mixture 
consisted of 75% kaolin and 25% bentonite, (see Table 3.1 & 3.2). The physical properties of the 
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soil mixture are presented in Table 5.1. Liquid limit (LL) was 88% while plasticity index (PI) was 
about 48%. Two soil specimens were prepared at similar initial water content of about 42.7% ± 
0.7% (+4.7% of optimum moisture content) and dry unit weight of 11.4 kN/m3 (94.4% of γdmax as 
determined from the standard Proctor test, ASTM D698), see  Table 5.1. Each specimen was tested 
under different condition to examine the acceptability and validity of the new testing procedure in 
this research. More details are provided in the next sections.  
 
Table 5.1 Physical properties and initial conditions of 75% kaolin & 25% bentonite 
mixture 
Liquid limit (%) 88 
Plasticity index (%)  48 
Specific gravity  2.67 
USUCa classification a CH 
Optimum water content (%)  36.0 
Maximum dry unit weight (kN/m3)  12.16 
 
Compacted specimens 
 
               Initial water content (%) 42.7± 0.7 
               Initial dry unit weight (kN/m3) 11.40 
               Initial void ratio  1.29 
         aUnified Soil Classification System, b LL: Liquid limit 
 
5.3.2.1 Sample preparation and test procedure 
For soil preparation, the soil mixture was blended thoroughly with distilled water to the 
specific water content and the desired dry density (see Table 5.1). Then the soil was kept in a 
sealed bag for 24 hours to promote moisture equilibrium. The tensile device was calibrated before 
compacting the soil. The calibration process included the two steps; calibrating the free part of the 
device on the top of the ball bearing, and then setting a small gap between the two halves of the 
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box by utilizing a plastic spacer. Two screws were used to maintaining the gap which were then 
removed after completion of preparation and before starting the test (see Figure 5.2). Two soil 
specimens were prepared at similar initial water content and dry unit weight and then tested at two 
different conditions. 
 
 
Figure 5.2 The new tensile device during preparation of the soil sample; the first layer of the 
soil sample 
 
 
The variations of water mass during drying and wetting cycles were determined by placing 
the tensile device on the top of an electronic balance with the maximum capacity of 8100 g and 
repeatability of 0.01 g. A digital camera (Canon Camera-Power Shot G11) with the highest 
resolution of (3648-pixel x 2736-pixel) was fixed directly above the soil specimen 
(perpendicularly) to capture a series of photos during the cyclic processes. Figure 5.3 presents the 
experimental set-up of testing procedure including the tensile device, the electronic balance, and 
the overhead camera. Initially, the specimen was allowed to dry naturally under controlled 
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laboratory temperature and relative humidity (24±1 Co, RH = 52±2%). When the developed tensile 
stresses exceeded the tensile strength of the specimen, the soil failed. The process was terminated 
when the weight of the sample was constant or no significant change observed.  
 
 
Figure 5.3 Testing Set-up of the new tensile procedure 
 
The wetting process was an important issue taken into our consideration in the new tensile 
testing method. Significant issues had been opted to wet the soil sample successfully inside the 
new device. On one hand to ensure that the soil sample had homogenous water content. On the 
other hand, to make sure that measured water loss by using the electronic balance was for the soil 
sample and not for the excess free water in the device. During wetting, the soil sample was 
gradually inundated with distilled water by using a filling syringe. Firstly, the surface of the sample 
was subjected to wetting, and then all the boundaries and the soil bed of the sample were wetted 
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as well. Upon wetting, the soil exhibited swelling, and then expanded toward the walls of the 
tensile device, resulting in a reduction and release in the tensile force. The developed force that 
determined during wetting process is referred to lateral-induced expansion force (LIEF). A 
complete or/and partial healing and closure of the current cracks was observed. The secondary 
cracks usually healed, however, sometimes the primary cracks subjected to negligible healing.  
5.3.2.2 Locking and unlocking test procedure 
Two identical soil specimens were tested under two different conditions in order to examine 
the validation and acceptability of the testing method. One test was performed with maintaining 
the gap between the two parts of the tensile device unlocked during the drying/wetting cycles. 
While the other one was performed with locking the gap by using two screws after the failure 
where the maximum tensile force was determined. For the locking test, the load cell was 
disconnected at the end of the drying process. Then the force sensor was reconnected before the 
wetting process for measuring the lateral-induced expansion forces (LIEF) during wetting. At the 
end of wetting, the force sensor was disconnected again and then reconnected for the next drying 
process. This scenario was performed in all cycles. The main purpose of the latter method was that 
to start every drying and wetting process with zero/null force. Also, to allow the cracks propagate 
without the effect of gap existence. 
5.3.3 Quantitative analysis by using image technique 
Digital image analysis technique (by using image j software) was employed to study the 
morphology of crack patterns on the surface of the samples at the end of each wetting-drying cycle. 
The procedures of digital image analysis were illustrated by (Atique et al., 2009). The procedure 
that opted herein for image analysis technique is presented in Figure 5.4. Firstly, the digital image 
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(TrueColor/RGB) of soil sample was converted to a grayscale image. The grayscale image was 
obtained by converting the image to the type of 8-bit. Afterward, the background of the image had 
been subtracted from the image. Then, the grayscale image was converted to a binary black-and-
white image (B & W). In this stage, the binary image has replaced all pixels in the grayscale image 
with luminance greater than a threshold value of 1(white) and the other pixels with the value 0 
(black). So that, the binary image consists of only 1’s and 0’s, which represents the un-cracked 
and cracks areas respectively. Finally, an outline operation had been performed where the cracks 
and un-cracked areas can be obtained. Then the ratio of crack areas to the total area of the soil 
sample at the end of drying or wetting process can be determined as the crack intensity factor 
(CIF). 
  
Figure 5.4 Image processing: a) A TrueColor (RGB) image; b) converting the RGB image to 
a grayscale (8-bit); c) subtracting background and converting to a binary image; and d) 
outline operation 
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5.4 Results and discussion 
Two series of tensile testing results are presented and described herein; one series for 
unlocked-gap sample and the other one for locked-gap sample. The variation of tensile and lateral-
induced expansion forces over time was determined for all drying and wetting processes, 
respectively. Also, the variation of tensile forces as a function of water content was determined. 
Cracking network was characterized at the end of each cycle by using the Crack Intensity Factor 
(CIF). In this study, the soil specimen which was tested with unlocked-gap is referred to “Mixture-
Compacted Unlocked” (MC-U). While the soil specimen that was tested with locked-gap is 
referred to “Mixture-Compacted Locked” (MC-L).  
Upon drying, the tensile forces increased up to a maximum tensile force coinciding with 
the inception of crack formation in the soil sample. Afterward, the tensile force decreased when 
drying proceeded and the cracks fully propagated. In this study, the tensile failure corresponded to 
the crack initiation in the same direction of the gap (Y-axis) and perpendicular to the restrictions 
in X-direction, see Figure 5.5. The crack in the X-direction initiated and propagated in which the 
soil specimen remained in a state to resist the failure. When drying proceeded, the crack in Y-
direction initiated and fully propagated at which the tensile failure occurred. 
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Figure 5.5 Y-direction crack corresponded to the tensile failure 
 
During the first drying, the soil developed a fully crack just after the peak load where it 
decreased as drying proceeded and the crack propagated in the soil specimen. Based on that the 
tensile force was carried by the full cross-sectional area of the soil. 
The tensile strength was calculated by dividing the maximum tensile force by the cross-
sectional area of the soil specimen. The cross-sectional area was determined at failure by using 
image analysis technique. Compare to the initial cross-sectional area of specimen, it was found 
that the lateral shrinkage and the vertical change in the thickness were calculated at failure to be 
insignificant. Accordingly, either areas can be opted for calculating the tensile strength.  
Upon wetting, the soil exhibited swelling, and then expanded toward the load sensor. This 
resulted in a reduction in tensile force and then increase in the lateral-induced expansion force 
(LIEF). A complete or/and partial healing and closure of the current cracks was observed. The 
secondary cracks usually healed, however, primary cracks subjected to negligible healing. For the 
next drying process, the soil sample resisted the tensile failure due to crack healing in the first 
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drying process. When the drying proceeded, the sample failed whenever a fully Y-direction crack 
developed. 
5.4.1 Results of unlocked- gap test 
The soil specimen (MC-U) was subjected to five wetting/drying cycles. The variation of 
water content over time during drying is presented in Figure 5.6. The water content gradually 
decreased over time till approached equilibrium at the end of drying process. For wetting, the 
sample was wetted to more or similar water content compared to the initial water content-as 
compacted, as shown in Figure 5.6.  
 
 
Figure 5.6  Variation of water content over time for the compacted specimen (MC-U) 
during drying processes; D: Drying 
 
 
Figure 5.7 provides information regarding the variation of void ratio and volume of soil 
specimen for a given change in water content for shrink paths through drying cycles. The primary 
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volumetric change occurred between the saturation lines of 80% and 50%, and this is similar to 
the experimental results published by Tripathy et. al., ( Tripathy et al., 2002). 
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Figure 5.7 (a) Variation of void ratio vs. water content during drying cycles, (b) variation of 
soil’s volume over time 
 
 
(a) 
(b) 
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5.4.1.1 Effect of cyclic drying/wetting on tensile tests 
In this thesis, a positive sign convention was opted for the tensile force, and a negative 
sign for the lateral-induced expansion force (LIEF). The variation of forces over time through 
drying and wetting processes are presented in  
Figure 5.8 and Figure 5.9, respectively. In the first drying, the soil sample exhibited much 
higher tensile force compared to the other drying processes. The tensile forces gradually increased 
up to the peak value and then decreased when drying proceeded and the cracks fully propagated. 
When approached the equilibrium at the end of the first drying, negligible force maintained. Upon 
wetting, the soil sample exhibited an instantaneous reduction in the tensile force, and then 
generated the lateral induced-expansion force due to swelling/expansion where healing and closure 
of some crack openings were observed. In the second, third, fourth and fifth drying cycles, the soil 
sample exhibited much lower tensile forces compared to that of the first drying. After the failure, 
the tensile forces decreased to constant remaining values till approached the equilibrium at the end 
of the second, third, fourth, and fifth cycles.  
It is believed that the soil structure (fabric and the inter-particle forces) was exposed to 
irrecoverable deformations/deteriorations during the first drying, resulting in considerable 
decrease in the strength. After that cycle, the tensile strength extremely decreased.  It was obtained 
that the tensile strength increased in the fourth and the fifth drying compared to third one, however, 
the increase is very small compared to that one in the first cycle. 
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Figure 5.8 Variation of tensile forces over time for MC-U during five drying cycles; D: 
Drying, U: Unlocked-gap after failure 
 
 
 
             
 
Figure 5.9 Variation of lateral-induced expansion force (LIEF) over time for MC-U during 
four wetting cycles; W: Wetting, U: Unlocked-gap after failure 
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Figure 5.10 (a & b) show the variation of tensile forces as a function of degree of saturation 
and water content change during drying cycles, respectively. In general, the tensile failure of all 
drying curves occurred within the degree of saturation range between 77% to 64% and the 
corresponding cracking water content over a range of 30% to 33.5 %.  Figure 5.11 presents the 
variation of maximum tensile and lateral-induced expansion forces during drying and wetting 
processes, respectively. In general, the results show that the maximum tensile forces decrease in 
non-linear trend over drying processes. Similar trend was observed for the maximum lateral 
expansion forces during wetting, however in very limited range from 20.5 N to 14.7 N. 
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Figure 5.10 Variation of tensile forces as a function of (a) degree of saturation, (b) water 
content for MC-U; D: Drying, U: Unlocked-gap after failure 
 
125 
 
 
It is clearly observed the impact of cyclic wetting/drying on the tensile strength of 
specimen, where the maximum strength was determined in the first drying and decreasing is 
determined for the other drying processes, as shown in Figure 5.12. 
 
 
 
Figure 5.11 Variation of maximum tensile and lateral-induced expansion forces over cycles 
for (MC-U); D: Drying, W: Wetting, U: Unlocked-gap after failure 
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Figure 5.12 Variation of tensile strengths of the compacted specimen (MC-U); D: Drying, U: 
Unlocked-gap after failure 
 
5.4.1.2 Effect of cyclic drying/wetting on cracking 
Figure 5.13 presents the crack networks at the end of every drying/wetting cycle of the 
compacted sample that tested under unlocked-gap condition. Relative to the direction of the tensile 
stresses that developed due to the restriction provided in x-direction, only the cracks in y-direction 
corresponded to the tensile failure of the soil specimen (Figure 5.5). In the first drying, a primary 
crack was initially formed in x-direction subdivided the sample into two blocks. Afterward, a fully 
propagated crack in the y-direction was formed approximately after 28.5 hours from the beginning 
of the test. When drying proceeded more cracks propagated in the same direction. Upon wetting, 
the water inundation resulted in healing and closure of some of the visible cracks that formed in 
the first drying. It seems that the crack network helped the water to penetrate readily without 
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changing of the patterns and that resulted in closure of some cracks. In the second drying, the large 
cracks that previously formed in the first drying reopened and more cracks developed. Also, it was 
observed that more cracks propagated over cycles. 
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Figure 5.13 Crack patterns of MC-U specimen subjected to the new tensile test in cyclic 
wetting/drying 
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The soil specimen experienced crack propagation when subjected to alternatives 
wetting/drying cycles with the maximum CIF of about 5% at the end of the third drying. After the 
third drying (i.e., fourth and fifth drying), the soil sample exhibited a reduction in the CIF’s, as 
shown in Figure 5.14. Almost constant CIF’s were determined at the end of the wetting processes 
(CIF = 2%). For every drying/wetting cycle, the average crack aperture was calculated by 
averaging the widths of all cracks observed on the surface. Upon wetting process, it was observed 
healing some of the current cracks and then when subjected to the next drying, new cracks formed. 
Figure 5.14 shows the variation of Crack Intensity Factor (CIF) and crack aperture during 
wetting/drying cycles. For the drying cycles, CIF and crack aperture increased up to the third 
drying, then decreased in the fourth and fifth drying. While during wetting, CIF is nearly constant 
while the crack aperture gradually decreased. The increase of the CIF in the fourth and fifth cycles 
are consistent with the results of tensile strength; the strength decreased up to third drying and then 
increased in the fourth and fifth cycles. 
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Figure 5.14  Variation of CIF and average crack aperture over wetting/drying cycles of 
unlocked-gap specimen 
 
5.4.2 Results of locked-gap test 
The soil specimen (MC-L) was subjected to five wetting/drying cycles. The variation of 
water content over time during drying is presented in  Figure 5.15. The water content gradually 
decreased over time till approached equilibrium at the end of drying process. For wetting, the 
sample was wetted to water content similar to the initial water content-as compacted.  
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Figure 5.15  Variation of water content over time for the compacted specimen (MC-L) during 
drying processes; D: Drying 
 
The variations of void ratio and volume of soil specimen were provided in Figure 5.16 (a 
& b) for a given change in water content for shrink paths through drying cycles. Similar to the 
unlocked-gap results, the primary volumetric change occurred between the saturation lines of 80 
% and 50 %, and this is similar to experimental results published by Tripathy et al., (Tripathy et 
al., 2002). 
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Figure 5.16 Variation of (a) void ratio vs. water content, and (b) soil’s volume over time 
 
 
 
(a) 
(b) 
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5.4.2.1 Effect of drying/wetting cycles on tensile tests 
Figure 5.17 presents the variation of tensile forces over time during drying processes. 
Figure 5.18 shows the developing of the lateral-induced expansion forces (LIEF) when the soil 
subjected to wetting. All drying curves have similar trends to those of unlocked-gap sample in 
which the curves decreased to almost constant values till approached the equilibrium. The 
variations of tensile forces as functions of degree of saturation and water content through drying 
cycles are presented in Figure 5.19 (a & b), respectively. For all drying cycles, the specimen 
exhibited tensile failure at nearly similar degree of saturation within the range between 73% to 68 
% and the corresponding water content over a range of 29 % to 31.5 %. The results show that the 
soil experienced much higher tensile strength in the first drying than that of the other cycles (Figure 
5.20 and Figure 5.21).  
In the first drying, the soil sample experienced much higher tensile force compared to the 
other drying processes. The tensile forces gradually increased up to the peak value and then 
decreased when drying proceeded and the cracks fully propagated. Upon wetting, the soil sample 
exhibited a quick reduction in the tensile force in very short time. After that, the soil developed 
lateral-expansion forces due to swelling/expansion where healing and closure of some crack 
openings were observed. In general, the soil exhibited much lower tensile forces in the other six 
drying cycles compared to that one of the first drying, and this trend similar to that one captured 
for the unlocked-gap specimen. In addition, it was determined that the tensile strength increased 
again after the third drying similarly to unlocked-specimen.  
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Figure 5.17 Variations of tensile forces over time for the compacted specimen (MC-L) 
during five drying cycles; D: Drying, L: Locked-gap after failure 
 
 
Figure 5.18 Variation of lateral-induced expansion forces over time for the compacted 
specimen (MC-L) during wetting cycles; W: Wetting, Locked-gap 
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Figure 5.19 Variations of tensile forces with changes of (a) degree of saturation and (b) water 
content for MC-L during drying cycles; D: Drying,  
 
 
(a) 
(b) 
136 
 
 
 
 
Figure 5.20 Variation of max. tensile and lateral-induced expansion forces over cycles for 
MC-L; D: Drying, W: Wetting, L: Locked-gap after failure 
    
 
 
Figure 5.21 Variation of tensile strengths over cycles for MC-L; D: Drying, L: Locked-gap 
after failure 
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5.4.2.2 Effect of cyclic drying/wetting on cracking 
Figure 5.22 and Figure 5.23 present the crack patterns at the end of every drying/wetting 
cycle of the compacted sample that tested under locked-gap condition. Similar to the unlocked-
gap soil sample, a crack was initially formed in x-direction and then another primary crack formed 
in the y-direction which fully propagated after 24.5 hours. When drying proceeded more cracks 
propagated in the same direction. Upon wetting, the water inundation resulted in healing and 
closure of some of the visible cracks that formed in the first drying. In the second drying, the large 
cracks that previously formed in the first drying reopened and more new cracks developed. More 
cracks propagated when the soil specimen subjected to the next wetting/drying processes. 
 
 
Figure 5.22 Crack patterns of the compacted sample (MC-L) subjected to cyclic 
wetting/drying in the new tensile test, 
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Figure 5.23 Continued: crack patterns of the compacted sample (MC-L) subjected to cyclic 
wetting/drying in the new tensile test 
 
 
It was clearly observed the influence of alternative wetting/drying cycles on desiccation 
cracking of the soil sample. The maximum CIF was determined about 6 % at the end of the third 
drying. After the third drying, the soil sample generally exhibited a slight reduction in the CIF’s. 
Figure 5.24 shows the variation of Crack Intensity Factor (CIF) and crack aperture during 
wetting/drying cycles. For the drying cycles, nonlinear trend is obtained for CIF and crack aperture 
where both increased up to the second drying, then decreased largely in the fourth and fifth cycle. 
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Figure 5.24 Variation of CIF and average crack aperture over wetting/drying cycles of 
locked-gap specimen 
 
 
5.4.3 Comparison between the unlocked and locked-gap tests 
Two identical soil specimens were tested under two different conditions in order to 
examine the acceptability and validity of the new tensile testing method. One test was performed 
with maintaining the gap unlocked between the two halves of the tensile devise during the 
drying/wetting cycles. The other one was performed with locking the gap by using two screws 
after the failure where the maximum tensile force was determined. For the locking test, the load 
sensor was disconnected at the end of every wetting/drying cycle, and then reconnected before the 
start of the next process. The main purpose of this was that to start every drying and wetting process 
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with zero/null force. Also, to allow the cracks to propagate after failure without the effect of gap 
existence. 
Figure 5.25 shows a comparison between the variation of the tensile strengths of the 
unlocked and locked-gap tests during multiple drying/wetting cycles. The results of the first dying 
cycle show that the tensile strength of the locked-gap specimen is higher than that of the unlocked-
gap one. While the tensile strengths of unlocked-specimen are higher than those of the locked-gap 
specimen in the other drying processes (second, third, fourth and fifth drying). For each drying 
cycle, the reduction in tensile strength was calculated relative to that one of the first drying, as 
follows: 
𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑖𝑛 𝑡𝑒𝑛𝑠𝑖𝑙𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ =  
𝜎𝑡1 − 𝜎𝑡𝑛
𝜎𝑡1
                                                                                 (5.1) 
where σt1 is the tensile strength in the first drying (kPa), σtn is the tensile strength in (n) 
drying cycle (kPa); for example, n = 2, 3,4, …etc. Figure 5.26 presents the reduction in the tensile 
strength of unlocked and locked-gap specimens. Both tests almost give similar expressions where 
non-linear reduction in the tensile was obtained. 
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Figure 5.25 Variations of tensile strength of unlocked and locked-gap compacted specimens 
subjected to several wetting/drying cycles 
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Figure 5.26 Reduction in tensile strength of unlocked and locked-gap specimens for all 
drying cycles 
 
Moreover, comparative analysis is made between the two tests in the context of cracking 
patterns. The CIF’s of the two tests are presented in Figure 5.27. The experimental data has been 
fitted and gives almost similar expressions. CIF(s) of the locked-gap test are higher compared to 
those of unlocked test, except for the first drying. This is consistent with the results of the tensile 
strength, where the locked-gap specimen experienced lower tensile strengths than those of the 
other one, and this caused in more cracks. Both tests have almost similar CIF values in the wetting 
cycles. 
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Figure 5.27 Variations of CIF’s of unlocked and locked-gap compacted specimens subjected 
to several wetting/drying cycles 
 
5.5 Digital Image Correlation (DIC) analysis 
 The new developed tensile test had been set up as described in section 5.3.2.1. This chapter 
presents a unique tensile-DIC test conducted on the soil mixture of 75% kaolin and 25% bentonite. 
The soil specimen was prepared at initial water content of about 45 % (+7% of optimum moisture 
content), dry unit weight of 10.25 kN/m3 (84 % of γdmax as determined from the standard Proctor 
test, ASTM D698), and degree of saturation of about 77.2%. 
The best strategy to obtain high-quality images for DIC analysis is typically ensured by 
creating an appropriate speckle pattern on the soil’s surface. In this study, the surface of the soil 
specimen was prepared for the DIC monitoring by applying speckle pattern. This was 
accomplished by using black aerosol paint sprayed from an appropriate distance and angle to 
achieve good prevalence and coverage, as shown in Figure 5.28. In this study, it was not applicable 
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to use seed particles, such as sand (Costa et al., 2008b) to create speckle pattern on the specimen’s 
surface. The only reason is that when specimen wetted, the speckles leave their places in response 
to adding the water not in response of soil behavior. This leads to missing out the reference 
coordinates of the speckles, resulting in significant errors in the actual movement of the particles 
in response to soil behavior during wetting.  
 
 
Figure 5.28 Speckle pattern on the surface of the soil specimen for tensile-DIC test 
 
A digital camera (Canon Camera-Power Shot G11) with the highest resolution of (3648-
pixel x 2736-pixel) was mounted directly above the soil specimen (perpendicularly) to capture a 
series of photos during the cyclic processes. Image capture was performed automatically by using 
remote control connected to the camera every 30 minutes during testing. Cold light sources were 
positioned to maintain high contrast of the speckle pattern on surface during testing. The variations 
of water mass during drying and wetting cycles were determined by placing the tensile device on 
the top of an electronic balance with the maximum capacity of 8100 g and repeatability of 0.01 g. 
The complete set-up of the new tensile DIC test described in Figure 5.29. 
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Figure 5.29 The new tension-DIC test set up 
 
 
5.5.1 Image processing for DIC analysis 
A series of digital images were taken for every wetting/drying process for measuring the 
displacement fields at different time intervals, particularly at tensile fracture. For DIC analysis, the 
reference image was taken at the beginning of the wetting or drying process, and then all the images 
were captured every 30 minutes. Initially, the TrueColor/RGB images was processed by using 
Image J software to be prepared for DIC based-MATLAB analysis. Firstly, the digital image 
(TrueColor/RGB) of soil sample was converted to a grayscale image. The grayscale image was 
obtained by converting the image to the type of 8-bit. Afterward, the background of the image had 
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been subtracted from the image. Then, the grayscale image was converted to a binary black-and-
white (B & W) image. The image processing procedure is described in Figure 5.30. 
 
Figure 5.30 Image processing for PIV analysis; (a) TrueColor/RGB image, (b) grayscale (8 
bit), (c) subtract background, (d) binary 
 
 
5.5.2 Results of tensile tests 
The new tensile testing was used to study the impact of wetting/drying cycles on tensile 
and cracking behavior using DIC analysis. A high expansive soil was subjected to sequential 
wetting/drying cycles, tensile stresses generated during drying due to the restrictions provided at 
the soil bed. Constraints were provided at the soil bed through rectangular protrusions fabricated 
in such a way for allowing the force sensor to measure the tensile stresses that were expected to 
be largest. While no tensile stresses were expected to be in the other direction. During drying, the 
first crack initiated in which no tensile stresses were expected. Over time, more cracks propagated 
in which the tensile stresses were expected to be largest and then fully propagated when tension 
failure occurs. Full displacement fields have been developed for representative the tensile tests of 
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the soil. The compacted soil specimen used in the DIC analysis is referred to “Mixture-
Compacted” (MC-DIC). 
The soil specimen (MC) was subjected to wetting/drying cycles. The variation of water 
content over time during drying is presented in  Figure 5.31. Similar trends were observed for all 
drying curves indicating the gradual reduction of the water content over time till approached 
equilibrium state at the end of drying process. For wetting process, the sample was wetted to water 
content nearly similar to the initial water content-as compacted.  
 
 
Figure 5.31 Variations of water content over time for the compacted specimen (MC3-DIC) 
during drying processes; D: Drying 
 
The variation of tensile and compression forces over time through drying and wetting 
processes are presented in Figure 5.32 and Figure 5.33, respectively. Similar trends of all tensile 
curves are observed indicating gradual increase of tensile force overtime till approached to the 
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peak value at failure and then a reduction till maintained a residual tensile value due to locking the 
gap between the free and fixed parts of the device. In general, MC3-DIC specimen nearly exhibited 
similar tensile behavior to that of specimens previously tested under similar scenarios in the 
previous chapter.   
 
 
Figure 5.32 Variation of tensile forces over time for the compacted specimen (MC3-DIC) 
during drying cycles; D: Drying 
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Figure 5.33 Variation of compression forces over time for the compacted specimen (MC3-
DIC) during wetting processes; W: Wetting 
 
 
Figure 5.34 shows the variation of tensile forces as a function of water content during 
drying. The inception of cracking is determined at the cracking water content of the specimen 
coincided with the water content at the peak tensile forces. It was found that the cracking water 
contents of the specimen are obtained over the range of 29.4 % to 33.89 %.  
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Figure 5.34 Variations of tensile forces as a function of water content for the MC3-DIC 
during drying processes; D: Drying, locked-gap after failure 
 
The lateral shrinkage and the vertical change in the thickness of the soil specimen were 
calculated at failure to be insignificant compared to the initial state of the specimen. Based on that, 
the cross-sectional area change was neglected, so that the tensile strength was calculated by 
dividing the peak tensile force by the initial cross-sectional area of the specimen. Figure 5.35 
shows the variation of tensile strength of MC3-DIC specimen during drying processes.  
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Figure 5.35 Effect of wetting/drying cycles on tensile strength of the compacted specimen 
(MC3-DIC) 
 
Soil specimen (MC3-DIC) exhibited the largest tensile strength in the first drying (Figure 
5.35). The tensile force gradually increased over time till approached to the peak value at failure 
and then a residual tensile value maintained due to locking the gap between the free and fixed parts 
of the device. Similar trend was observed in all drying processes. 
Upon wetting, the soil sample exhibited an instantaneous decrease in the tensile force, and 
then compression forces developed due to swelling/expansion in which healing and closuring of 
some crack openings were observed. The largest compression force was determined in the second 
wetting process indicating in which largest expansion was obtained. 
It is believed that the soil structure (fabric and the inter-particle forces) was exposed to 
large deteriorations during the first drying. This may cause irrecoverable deformations in the soil 
structure and as a result a reduction in the tensile strength. In third drying, the soil sample exhibited 
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slight decrease in the tensile strength compared to the second drying. While the tensile strength 
increased again in the fourth drying.  
5.5.3 Digital Image Correlation (DIC) results 
Full displacement fields have been developed for representative tension tests of a soil 
specimen tested in the new tensile device and subjected to drying/wetting cycles. The displacement 
fields are determined at time series to illustrate the development of soil cracking during drying. 
Every wetting/drying cycle, the displacement fields are provided. Within each time series, similar 
scale has been used. Figure 5.36 (a)-(d) presents the behavior of the specimen after 6 hours from 
the first drying. Initially the specimen was shrinking more in the longitudinal direction (parallel to 
the gap) than the lateral one. This is clearly observed from the large displacement vectors in the 
longitudinal direction (parallel to the gap) and the small ones in the lateral direction (orthogonal 
to the gap). This is due to having the protrusions in the longitudinal direction in which the free 
movement was allowed, while restrained in the lateral direction. In the early stage of the drying 
time, the cracks initiated at which the displacement vectors became in opposite direction. 
While drying proceeded, the displacement vectors in Figure 5.37 depict more closely 
isotropic shrinkage of the specimen. However, more large displacement vectors are obtained in the 
longitudinal direction than the other one. Due to decreasing of moisture content and increasing of 
the corresponded suction, the soil’s particles were allowed to rearrange themselves in the shrinkage 
process. This is attributed to the concept of the strain energy release. Any material has a strain 
energy stored by its particles in the closed system; once the particles allowed to rearrange their 
configurations due to any external process, such as thermal and chemical reactions, the strain 
energy will be released resulting in distortion or changing in the whole system. Figure 5.38 
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presents the crack dynamics when the specimen reached to the peak value in the tensile curve after 
20 hours from the first drying. Figure 5.39 presents the crack widening after 21 hours from the 
beginning of the first drying period and after 1 hour when the failure occurred. In this stage, the 
displacement vectors showing the direction of soil particles and how the crack formed during 
drying process.  
Figure 5.40 shows the disconnected displacement vectors surrounded the crack regions. In 
this stage, the soil particles continued their shrinking in nonuniform way with no more cracks 
formed. Figure 5.41 (a) –(d) presents the displacement fields immediately after the first wetting. 
The most interesting finding in that figure is that a longitudinal crack evolved immediately after 
the wetting process. It seems that when the soil subjected to drying process, the soil particles 
rearranged themselves in random configurations in which some defected regions may develop 
somewhere within the soil mass. Based on the concept of the uniform behavior of soil during 
compression or swelling, the stresses are equal in all directions. However, in our case, the stresses 
which represented by the displacement vectors are unequal, hence, this resulted in crack formation. 
As expected, more cracks developed and propagated in the second drying. This is consistent with 
the previous tensile result in which the specimen experienced much lower tensile strength and 
more crack propagated.  
Figure 5.42 shows the displacement field vectors at the peak stage in the tensile curve. The 
configurations of the vectors indicate that the specimen didn’t act as one mass during the second 
drying. One the contrary, the soil mass experienced discontinuity wherever the defected regions 
found. Therefore, the specimen exhibited lower tensile strength and more cracks compared to those 
of the first drying. 
154 
 
 
 
 
 
Figure 5.36 The tensile specimen when cracks initiated after 6 hours during 1st drying; (a) a 
true color photo; (b) specimen with displacement vectors; (c) displacement fields in x & 
y(pixels); (d) vorticity contours 
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Figure 5.37 After t = 10 hours during 1st drying; (a) a true color photo; (b) specimen with 
displacement vectors; (c) displacement fields in x & y (pixels); (d) vorticity contours 
 
(d) 
(a) (c) 
(b) 
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Figure 5.38 At the peak, after t = 20 hours during 1st drying; (a) a true color photo; (b) 
specimen with displacement vectors; (c) displacement fields in x & y (pixels); (d) vorticity 
contours 
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Figure 5.39 Crack widening after t = 21 hours from 1st drying; (a) a true color photo; (b) 
specimen with displacement vectors; (c) displacement fields in x & y (pixels); (d) vorticity 
contours 
 
 
(d) 
(a) (c) 
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Figure 5.40 Fully crack propagated at the end of 1st drying; (a) a true color photo; (b) 
specimen with displacement vectors; (c) displacement fields in x & y (pixels); (d) vorticity 
contours 
 
 
 
(d) 
(a) (c) 
(b) 
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Figure 5.41 Immediately after 1st wetting; (a) a true color photo; (b) specimen with 
displacement vectors; (c) displacement fields in x & y (pixels); (d) displacement fields after 
smoothing 
 
 
 
(d) 
(a) (c) 
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Figure 5.42 At the peak, 2nd drying; (a) a true color photo; (b) specimen with displacement 
vectors; (c) displacement fields in x & y (pixels); (d) vorticity 
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5.6 Concluding remarks 
A new innovative tensile testing device was developed to examine the tensile strength and 
cracking behavior of soils subjected to cyclic wetting/drying processes. This apparatus was 
designed for continuous determination of tensile forces and lateral-induced expansion forces 
during drying and wetting, respectively. Two scenarios of application were performed in order to 
inspect the validity and feasibility of the device for determining the accurate tensile strength of 
soil. Several findings are highlighted below: 
1. There are some differences between the tensile results of unlocked and locked-gap 
applications, and this may due to residual forces carried by the load sensor or/and 
by the soil, in which results in higher tensile values for unlocked-gap specimen than 
those of the other one, except in the first drying. However, the fitted curves of the 
tensile strengths and CIF (s) of both specimens are almost consistent.  
2.  The scenario of locked-gap is more appropriate for the accurate determination of 
the tensile strength of soil subjected to wetting/drying cycles.  
3. The locked-gap specimen developed higher tensile force than that of the unlocked-
one in the first drying, and this may due to lubricating of the device’s walls in 
unlocked-gap scenario in which the edges of the specimen freely curled up, and 
hence didn’t involve in tensile resistance. Consequently, lower tensile force 
generated in the unlocked-gap application in the first drying. 
4. The trend of the tensile curve under drying condition shows that the tensile force 
increases with decreasing water content and increasing the corresponded suction up 
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to the failure. After that, the tensile force decreases with increasing suction where 
no significant contribution is made on the soil strength.  
5. It should be mentioned that the tensile strength of soil decreased up to the third 
cycle. However, the tensile strength increased again in the fourth and fifth cycles 
for unlocked-gap specimen and in the fifth cycle for the locked specimen compared 
with second cycle. This may potentially due to healing and closure of some cracks 
during wetting cycles. For unlocked-gap specimen, the average crack aperture 
decreased in the fourth and fifth cycle in which previous cracks healed and new 
cracks developed in smaller width. Similarly, for the locked-gap specimen, the 
present cracks healed and new ones formed over cycles but in smaller crack 
aperture in the fifth cycle. Therefore, the raise of tensile strength after the third 
cycle is likely due to decreasing of the crack aperture over cyclic wetting/drying 
processes in which the soil tensile strength had boosted. 
6. The Digital Image Correlation (DIC) technique can interpret the cracking 
mechanism of soils during wetting/drying cycles. 
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CHAPTER VI  
TENSILE BEHAVIOR OF SOILS UNDER PARTIALLY RESTRICTED CONDITION 
DURING WETTING/DRYING CYCLES 
 
6.1 Introduction 
The performance of the new tensile device had been deeply explored in different contexts 
involving; specimen’s thickness and size, directional restriction, and soil structure. The tensile 
tests herein were conducted under partially restrained condition which is different than what was 
presented and described in chapter V. Partially restrained condition was provided through allowing 
the free part of the device to move in response to the soil shrinkage and expansion during drying 
and wetting, respectively. The determination of the tensile forces has been coupled with the study 
of the desiccation cracking of a high expansive soil mixture consisted of 75 % kaolin and 25 % 
bentonite during sequential wetting/drying cycles.  
6.2 Objectives 
The study herein aimed to gain better understanding the tensile and cracking behavior of 
clays in different contexts. The main specific objectives can be highlighted below:  
• To investigate the performance of the new tensile testing method under partially restrained 
condition. 
• To explore the influence of specimen’s size and thickness on tensile and cracking behavior 
of compacted soils. 
• To investigate the effect of the directional restriction on tensile behavior of soils. 
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• To examine the effect of initial conditions and soil structure on tensile and cracking 
behavior during wetting/drying cycles. 
6.3 Experimental methodology 
Desiccation cracking behavior is a complex phenomenon to understand where it is 
presumed to be developed due to a number of factors, such as clay content, mineral composition, 
aspect ratio, specimen’s size, and boundary conditions. In this chapter, a number of factors were 
taken into consideration for measuring the tensile forces and characterizing desiccation cracking 
of soil when subjected to a number of wetting/drying cycles. These factors include the soil 
structure, the initial condition, specimen’s size, thickness and directional restriction. 
The fundamental concept of the testing method herein resembles to that one adapted in the 
previous chapter (chapter V), except the restricted condition. The testing method hither was 
performed under partially restricted condition which was achieved through allowing the base of 
the free jaw of the tensile device to move during drying and wetting processes. This was 
accomplished by mounting the load sensor in a high-positioned to measure the developed tensile 
forces and lateral displacements during drying cycles. To induce tensile stresses in this study, 
restraints were provided through employing protrusions at the soil bed, when the tensile stresses 
exceed the tensile strength of the soil, cracks develop.  Also, the protrusions can provide an 
attachment at soil-bed where the load cell which is attached to the side and the bed of the free jaw, 
can measure the developed tensile forces 
The soil exhibited shrinkage toward the gap and expansion away from the gap during 
drying and wetting, respectively. The lateral displacements were obtained by using a non-contact 
LVDT (Macro Sensor SE 750-500). This LVDT was intentionally utilized to prevent any friction 
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may influence on the natural movement of the soil specimen when dried or wetted. The micro-
sized load cell was used, similar to that one used in the previous chapter, to measure the tensile 
forces with the capacity up to 200 N (50 lb) and a full resolution of 0.01% (0.02 N or 0.0045 lb). 
To allow the movement of the free jaw during shrinkage/expansion, the load sensor was high-
positioned on L-shaped angle which is attached to the free jaw at a distant of 2.54 cm from the 
base of the free jaw (see Figure 6.1). 
 
 
 
 
Figure 6.1 (a) & (b) The new tensile testing device with a high positioned micro-load sensor 
 
The water loss was monitored during drying and wetting cycles by an electronic balance 
with the maximum capacity of 8100 g and repeatability of 0.01 g. A digital camera (Canon 
Camera-Power Shot G11) with the highest resolution of (3648-pixel x 2736-pixel) was mounted 
directly above the soil specimen (perpendicularly) to capture a series of photos during the cyclic 
drying and wetting. Figure 6.2 presents the experimental set-up of testing procedure including the 
(a) (b) 
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tensile device, the electronic balance, and the overhead camera. The soil used herein was as same 
as that one used in chapter V. Soil specimen was initially allowed to dry naturally under controlled 
laboratory temperature and relative humidity (24±1 Co, RH = 52±2%). The drying process was 
terminated when the weight of the sample was constant or no significant change observed. 
Afterward, the soil specimen was wetted in the same procedure that performed in the tensile tests 
of chapter V (fully-restricted condition). The soil specimen was subjected to a number of 
sequential wetting/drying cycles. The tensile forces and the 2D-desiccation cracking were 
obtained. A full procedure of cracking characterization is presented in chapter V (section 5.3.3). 
 
 
 
Figure 6.2 Experimental set-up of the testing procedure 
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Four unsaturated-compacted specimens were prepared at initial water content of about 
42.7% (+4.7% of optimum moisture content) and dry unit weight of 11.4 kN/m3 (94.4% of γdmax 
as determined from the standard Proctor test, ASTM D698). The specimens namely MC1, MC2, 
MC3, and MC4 were tested in the context of the following factors; reference case, specimen’s 
thickness, specimen’s size, and directional restriction, respectively. One additional specimen 
namely MS was prepared at water content of 90.1% and dry unit weight of 7.848 kN/m3 and tested 
for studying the effect of initial water content and soil structure on tensile and cracking behavior.  
Figure 6.3 shows the selected points for the tensile tests in the compaction curve of the soil mixture 
of 75 % kaolin and the 25 % bentonite. 
 
 
Figure 6.3 Selected points for tensile tests from compaction curve of the soil mixture of 75 % 
kaolin and 25 % bentonite 
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For specimen preparation, the soil was compacted in the tensile device in two layers to 
achieve the required dry unit weight at desired water content. Laboratory compaction composed 
of tamping with a 20-mm diameter metal rod to achieve approximately uniform application of 
compaction energy to the top of each layer. While the fully-saturated specimen (MS) was prepared 
in the tensile device in two layers by using very light tamping and vibration applied to the soil 
specimen to get rid of the air bubbles. The small gap between the two halves of the tensile device 
was maintained by using a plastic spacer during specimen preparation. In addition, two screws 
were utilized for preventing closing the gap during soil preparation, and then removed after 
completion of preparation and before starting of the test. Table 6.1 shows all cases opted for 
conducting the tensile tests under different conditions.  
Figure 6.4  presents schematic drawings for the new tensile device in different cases. The 
crack morphology was determined for every test by using the image analysis technique to analyzed 
and interpreted the effects on the outcome; more details of the image technique is provided in 
chapter IV (see section 4.3.2.3). 
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Table 6.1 Test reference for tensile tests
Test 
reference 
Specimen 
type 
 
w0 
(%) 
 
ɣd 
(kN/m3) 
 
Soil 
thickness 
(mm) 
Soil dimensions 
(mm) 
 width * length 
Aspect ratio  
width: thickness 
 
Base 
restriction  
 
size ratio  
relative 
to MC1 
Factor 
MC1 compacted 43.1 11.4 12.7 150*150 11.81: 1 orthogonal _ reference case 
MC2 compacted 43.0 11.4 25.4 150*150 5.91: 1 orthogonal 2: 1  aspect ratio (thickness) 
MC3 compacted 42.67 11.4 12.7 75*150 5.91: 1 parallel 0.5: 1  (specimen’s size) 
directional restriction 
MC4 compacted 42.6 11.4 12.7 150*150 11.81:1 parallel 1: 1 directional restriction 
MS slurry 90.1 7.84 12.7 150*150 11.81:1 orthogonal 1: 1 soil structure 
Note: MC: unsaturated-compacted soil specimen, MS: fully-saturated soil specimen 
          base restriction is relative to tension’s direction transmitted to load sensor 
   
          size ratio = size of specimen: size of MC1     
          width is perpendicular to the gap     
          length is parallel to the gap      
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Figure 6.4  the tensile device with high-positioned load sensor (a) perpendicular grooves for 
MC1, MC2; (b) parallel grooves for smaller size (MC3); (c) parallel grooves for MC4; (d) 
sectional view with perpendicular grooves 
 
 
(a) 
(c) (d) 
(b) 
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6.4 Results and discussion 
The experimental campaign in this chapter aimed to study the tensile and cracking behavior 
of soils when imposing partially restricted condition and subjected to multiple wetting/drying 
cycles. The study was performed in the context of some factors including; specimen’s thickness 
(aspect ratio), specimen’s size, directional restriction, initial water content, and soil structure. The 
results of each test are presented and described in the following sections. 
6.4.1 Reference case/ unsaturated-compacted soil specimen (MC1) 
The compacted soil specimen namely MC1 was prepared at initial water content of about 
43.1% and dry unit weight of 11.4 kN/m3, (see Figure 6.3). MC1 was subjected to five 
wetting/drying cycles. The variation of water content over time during drying is presented in 
Figure 6.5. The water content gradually decreased over time till approached equilibrium state at 
the end of drying process. For wetting process, the sample was wetted to similar and/or slightly 
higher water content compared to the initial one as-compacted. In this chapter, for all presented 
figures, the letter D refers to drying cycle, and the letter W refers to wetting cycle. The numbers 1 
to 5 refer to the number of drying or wetting cycle, for example, the number 1 refers to the first 
cycle and so on. 
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Figure 6.5 Variation of water content over time for MC1 specimen 
Photographs were taken to monitoring the area and thickness changes of the specimen 
during drying and wetting processes. Image analysis technique was employed for calculating the 
volume change in the specimen at different time intervals. Only the intact soil was considered; the 
crack and gap areas were excluded from the calculation. Accordingly, the degree of saturation, 
variations of void ratio and volume were determined at different time periods through drying 
cycles. 
More information related to void ratio and volumetric changes of soil specimen are 
presented in  Figure 6.6 (a & b). An essential linear shrinkage of soil was determined within the 
range of degree of saturation 80% to 50%. While curvilinear shrinkage was determined in the 
beginning and at the end of the volume change. All curves present similar trend over drying cycles.  
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Figure 6.6 Variations of (a) void ratio vs. water content, and (b) soil’s volume over time for 
MC1 
 
 
(a) 
(b) 
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6.4.1.1 Effect of cyclic drying/wetting on tensile behavior 
 
Similar to what was adopted in chapter V, a positive sign convention is opted for presenting 
the developed tensile forces during drying cycles. The developed force during wetting was namely 
Lateral-Induced Expansion Force (LIEF); a negative sign convention is opted for this one. The 
variations of tensile and lateral-induced expansion forces over time through drying and wetting 
cycles are presented in Figure 6.7 and Figure 6.8, respectively. Figure 6.9 shows the variation of 
lateral displacements during drying cycles. Figure 6.10 (a & b) presents the variations of tensile 
forces as a function of degree of saturation and water content during drying cycles, respectively. 
The relationship between the lateral displacements and tensile forces during drying is established 
in Figure 6.11. 
 
  
Figure 6.7 Variations of tensile forces over time for MC1; D: drying 
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Figure 6.8 Variations of lateral-induced expansion forces over time for MC1; W: wetting 
 
Figure 6.9 Variations of lateral displacement over time for MC1; D: drying 
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Figure 6.10 Variations of tensile forces as a function of (a) degree of saturation, and (b) water 
content for MC1; D: drying 
 
 
 
 
 
(a) 
(b) 
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Figure 6.11 Lateral displacements vs. tensile forces for MC1 during five drying cycles 
 
 
Upon drying, the tensile forces gradually increased up to a constant value and maintained 
till drying proceeded and the cracks fully propagated. Similar trend was obtained for all drying 
curves where the tensile forces increased with decreasing of water contents and then maintained 
constant till drying process was terminated. While during wetting, the tensile force released 
instantaneously and then reduced till approached to zero value. After that, lateral-induced 
expansion forces readily generated and then increased to values ranged from 12.5 N to 22.5 N till 
approached to a constant value. No variation was obtained on the lateral expansion forces after 1 
hour where the soil sample reached to a constant water content. All drying curves reached to 
constant tensile forces at almost the water content of 25 %. A reduction in the tensile resistance 
was observed over cycles where the maximum tensile force was determined in the first drying (i.e., 
22.7-N). More cracks propagated during the sequential wetting/drying cycles.  
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6.4.1.2 Effect of cyclic drying/wetting on desiccation cracking 
Figure 6.12 and Figure 6.13 present the crack networks at the end of every drying/wetting 
cycle of the unsaturated-compacted specimen (MC1). In the first drying process, a primary crack 
was initially formed in x-direction subdivided the sample into two blocks followed then by a crack 
in the y-direction. During wetting, the soil exhibited expansion/swelling due to water absorption 
accompanied with changing in the stress state. This caused large deformations/deteriorations in 
the soil structure resulted in significant healing and closure of the present cracks that formed in the 
first drying, in addition to new cracks developed during wetting. More cracks developed over 
successive wetting/drying cycles. In general, the results of tensile and cracking behavior are 
consistent; more cracks were developed with decreasing of the peak tensile forces through drying 
cycles. Over cycles, the CIF increased and the crack aperture decreased up to the fourth cycle, as 
shown in Figure 6.14. In the fifth drying, it was observed decreasing in CIF and crack aperture. It 
seems that some cracks healed during the fourth wetting, resulting in less cracks in the fifth drying. 
The most interesting finding observed herein is that the present cracks healed during wetting 
process, and when the specimen subjected to the next drying, most of the healed cracks remined 
closed and new cracks developed in different regions in the soil mass. However, the healed cracks 
remained weak regions in the specimen. This interprets why the specimen experienced lower 
179 
 
 
tensile resistance through cycles until approached to equilibrium state in which no any further 
changes in tensile strength and desiccation cracking.  
 
Figure 6.12 Crack patterns at the end of the cycle for the unsaturated-compacted specimen 
(MC1) 
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Figure 6.13 Continued crack patterns at the end of the cycle for MC1 
 
 
 
 
 
 
 
 
 
 
 
 
4th-wetting 5th-drying 
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Figure 6.14  Crack Intensity Factor (CIF) and average crack aperture at the end the cycle 
for MC1; W: Wetting, D: Drying 
 
6.4.2 Specimen’s thickness /Unsaturated-compacted specimen (MC2) 
The aspect ratio of the specimen is defined as the proportional relationship between its 
width to its thickness. The size ratio is the relationship between two specimen’s sizes indicating 
how many times the first size contains the second size (reference size). The two ratios had been 
considered to study their effects on tensile and cracking behavior of soil. For MC2 specimen, the 
aspect ratio was 5.91: 1 and the size ratio was 2: 1 considering MC1 as a reference (second number 
in the ratio), as shown in Table 6.1. The MC2 specimen was prepared at similar initial conditions 
(i.e., water content and dry density) and double thickness compared with those of MC1 specimen. 
The variation of water content over time during drying is presented in Figure 6.15. The water 
content gradually decreased over time till approached equilibrium at the end of drying process. For 
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wetting, the sample was wetted to lower water content compared to the initial water content as-
compacted.  More information related to void ratio and volume changes is presented in Figure 
6.16. 
 
Figure 6.15  Variations of water content over time for MC2; soil thickness of 25.4 mm 
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Figure 6.16 (a) Variations of void ratio vs. water content, (b) volume change over time for 
MC2; soil thickness of 25.4 mm 
 
(a) 
(b) 
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6.4.2.1 Effect of cyclic drying/wetting on tensile tests 
Figure 6.17 and Figure 6.18 present the variation of tensile and lateral-induced expansion 
forces over time through drying and wetting cycles, respectively. Figure 6.19 shows the lateral 
displacements experienced by MC2 over time during drying processes. Figure 6.20 (a &b) shows 
the tensile forces functions of degree of saturation and water content.  Figure 6.21 presents the 
lateral displacements over time during drying cycles. The trends of drying curves are similar to 
those of MC1, where the tensile force reached to a constant value and maintained till drying 
process was terminated. 
 
 
Figure 6.17 Variation of tensile forces over time for MC2 subjected to five drying processes; 
soil thickness of 25.4 mm 
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Figure 6.18 Variation of lateral-induced expansion forces over time for MC2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.19 Variation of lateral displacement over time for MC2 
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Figure 6.20 Variations of tensile forces for MC2 as a function of (a) degree of saturation, (b) 
water content  
 
 
 
 
(a) 
(b) 
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Figure 6.21 Lateral displacement vs. tensile forces over drying cycles for MC2 
 
6.4.2.2 Effect of cyclic drying/wetting on desiccation cracking 
Figure 6.22 and Figure 6.23 presents the crack networks at the end of each cycle for the 
unsaturated-compacted specimen (MC2). No cracks developed in the first drying, and this is 
related to the higher tensile resistance that experienced by the specimen. On the other hand, cracks 
formed and propagated over the other cycles in which lower tensile forces generated. The results 
in Figure 6.24 show that crack intensity factors (CIF) and crack aperture increased over drying 
cycles while no variation was obtained during wetting cycles, except in the first one. 
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Figure 6.22 Crack patterns at the end of the cycle for the unsaturated-compacted specimen 
(MC2) 
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Figure 6.23 Continued crack patterns at the end of the cycle for MC2 
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Figure 6.24 Variations of CIF and crack aperture for MC2 at the end of the cycle 
 
6.4.3 Specimen’s size and directional restriction/ MC3 
The compacted soil specimen namely MC3 was prepared at similar initial conditions of 
those of MC1. The experiment herein was performed to study the coupled effect of specimen’s 
size and directional restraining condition on the tensile and cracking behavior of soil by using the 
new tensile device. Figure 6.25 shows a photo of the new tensile device with reduced width and 
length by using additional partitions installed inside the device for the desired dimensions. MC3 
was prepared at a half size of the that of MC1. The dimensions of the tensile device were reduced 
for this test, as follows; 75mm in width; 75 mm in length; and maintained 12.7 mm in the height. 
The variation of water content over time during drying is presented in Figure 6.26. Void ratio and 
volume changes are presented in Figure 6.27. 
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Figure 6.25 (a) A plane view of the reduced-dimensioned tensile device, (b) experimental set-
up of the test 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.26 Variation of water content over time for MC3 during cycles 
parallel protrusions 
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Figure 6.27 (a) Variation of void ratio with water content change, (b) Volume change over 
time for MC3 
(a) 
(b) 
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6.4.3.1 Effect of cyclic drying/wetting on tensile tests 
The variations of tensile and lateral-induced expansion forces over time are presenting in 
Figure 6.28 and Figure 6.29 during drying and wetting, respectively. Figure 6.30 shows the 
variation of tensile forces as a function of water content over time during drying cycles. The tensile 
results of MC3 are different than those of MC1 where the MC3 exhibited nearly a bell- shaped 
curve in the first drying. In this cycle, the tensile force reached to a peak value and then gradually 
decreased when drying proceeded. The tensile curve in the second drying is slightly lower than 
that one of the first drying. In the third and fourth cycles, the maximum tensile forces decreased to 
the half magnitude compared to that one in the first and second cycles. All the tensile curves 
generally have similar trend and shape. Upon wetting, the behavior of MC3 resembles to that one 
of MC1 where the tensile forces decreased instantaneously till reached to zero value. After that, 
the lateral expansion forces readily generated and then increased to the values ranged from 2 N to 
14 N till approached to equilibrium state where no significant changes occurred. 
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Figure 6.28 Variation of tensile forces over time for MC3 during drying cycles 
 
Figure 6.29 Variation of lateral-induced expansion forces over time for MC3; W: Wetting 
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Figure 6.30 (a) Variation of tensile forces as a function of degree of saturation (b) tensile 
force vs water content for MC3; D: Drying 
(a) 
(b) 
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6.4.3.2 Effect of cyclic drying/wetting on cracking 
At the end of the first drying, it was observed that the two edges of the specimen curled up 
where invisible two cracks developed beneath the surface, as shown in Figure 6.31. This interprets 
the presence of the peak in the tensile curve in the first drying. Immediately when the specimen 
was wetted, the two cracks fully developed on the surface at the two curled edges. The morphology 
of cracks at the end of each cycle for the specimen (MC3) is presented in Figure 6.32. Very few 
cracks formed over the other cycles in which lower tensile forces generated. However, the cracks 
only developed in X-direction responding to restraining direction. The results in Figure 6.33 show 
that crack intensity factors (CIF) and crack aperture increase up to the second cycle and then 
maintained constant till the fourth cycle. 
                                          
 
Figure 6.31 Side view of the MC3 at the end of first drying, (b) a curled edge with invisible 
crack beneath the surface 
(a) 
(b) 
A fracture beneath the surface 
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Figure 6.32 Crack patterns at the end of each cycle for the MC3 
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1st-drying 
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Figure 6.33 Variation of crack intensity factors (CIF) and average crack aperture for the 
MC3 over cycles 
 
6.4.4 Directional restriction/unsaturated-compacted specimen (MC4) 
In this section, only the effect of directional restriction had been studied by using a 
constrained pattern different than the one used for the specimens of MC1, MC2 and similar to that 
one for MC3. The compacted soil specimen namely MC4 was prepared at similar initial conditions 
of those of MC1, as shown in Figure 6.3. Different constraining condition was applied to the 
specimen by fabricating the protrusions to be perpendicular to the direction of the gap and in the 
same direction of the movement. In this case, the lower restraints will be provided in the direction 
of movement (perpendicular to the gap) in which lower tensile stresses will generate. While the 
higher tensile stresses will be in the other direction (parallel to the gap). Figure 6.34 shows a photo 
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of the tensile device with parallel constraining patterns. The specimen MC4 was subjected to one 
drying process. The variation of water content over time is showing in Figure 6.35. 
 
 
Figure 6.34 A photo of the new tensile device with parallel restraining condition 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.35 Variation of water content over time during the first drying process for the 
specimen MC4 
partially restrained condition 
Gap 
Parallel restraining  
Free half Fixed half 
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6.4.4.1 Tensile and cracking behavior 
The variations of tensile over time during the first drying is presenting in Figure 6.36. 
Figure 6.37 shows the variation of tensile forces as a function of water content over time during 
drying cycles. The tensile force increased gradually up to a peak value of 10 N after 19.53 hours 
from the beginning of the test at the cracking water content of 32.9 % and then decreased to an 
equilibrium state where the test was terminated. Initially, uncompleted horizontal cracks initiated 
at the both sides of the specimen. then an uncompleted longitudinal crack developed in responding 
to the restraints at the soil bed. In case of free shrinkage, the soil shrinks isotopically in which no 
stress localization occurs. However, in the case of restrained shrinkage, the soil shrinks in random 
configurations in responding to the constraints, as a consequence stress and displacement 
localizations generate, and this resembles to our case herein. Also, it was clearly observed that the 
crack always initiated at the early stage of the drying process. Figure 6.38 shows the crack patterns 
at some time intervals for the specimen MC4 during the first drying process. 
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Figure 6.36 Variation of tensile force over time during the first drying process for the 
specimen MC4 
 
 
 
Figure 6.37 Variation of tensile force as a function of water content during the first drying 
process for the specimen MC4 
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Figure 6.38 Crack patterns at some time intervals for the specimen MC4 during the first 
drying process 
 
 
 
 
 
after 11-hour at w = 37% 
at maximum tensile force, after 19.5-
hour, w = 32.9% 
after 36-hour, w = 26% 
after 14.6-hour at w = 35% 
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6.4.5 Soil structure/fully-saturated specimen (MS) 
A fully saturated (slurry) specimen was prepared at the initial water content of about 90.19 
% ± 0.5% (≈ LL) and dry unit weight of 7.848 kN/m3. The soil was prepared in the tensile device 
in two layers with maintaining a small gap between the two halves by utilizing a plastic spacer. 
Two screws were used to preventing closing the gap and facilitating soil preparation, and then they 
were removed after completion of soil preparation and before starting the test. Very light tamping 
and vibration were applied to the soil specimen to get rid of the air bubbles. The fully-saturated 
(slurry) soil specimen is referred herein to “Mixture-Slurry” (MS). The specimen MS was 
subjected to four wetting/drying cycles. For each drying process, the gap between the fixed and 
free jaws was locked after the tensile failure occurred. Then the crack propagation continued till 
reached to the equilibrium state. The variations of water content over time during drying is 
presented in Figure 6.39. For wetting process, the sample was wetted to lower water content 
compared to the initial water content as-prepared. Figure 6.40 (a & b) present the changes in void 
ratio and volume during drying cycles in the fully saturated soil specimen. 
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Figure 6.39 Variations of water content over time for the fully-saturated specimen (MS) 
during four wetting-drying cycles; D: Drying 
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Figure 6.40 (a) Void ratio vs. water content, (b) volume change over time for fully-saturated 
specimen 
 
 
(a) 
(b) 
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6.4.5.1 Effect of cyclic drying/wetting on tensile behavior 
 
The variation of tensile and lateral-induced expansion forces over time through drying and 
wetting processes are presented in Figure 6.41 and Figure 6.42, respectively. Figure 6.43 shows 
the lateral displacement of the fully-saturated specimen during drying processes. Upon drying, the 
tensile forces gradually increased up to the peak value and then decreased when drying proceeded 
and the cracks fully propagated. When approached the equilibrium at the end of the drying, the 
force maintained at constant value after the peak. This due to locking the gap after the failure which 
helped in maintaining the force. The maximum lateral displacement of the soil specimen was 
measured in the first drying of about 3.9 mm. While the soil specimen moved less in the other 
drying cycles with the maximum displacement of about 0.69 mm.   
Upon wetting, the tensile force decreased instantaneously till reached to zero value, where 
the soil experienced swelling/expansion due to water absorption. After that, the lateral-induced 
expansion force generated and then increased to very small values ranged from 0.5 N to 2.5 N till 
approached to a constant value. No variation was observed on the lateral expansion forces after 1 
hour in which the soil specimen reached to a constant water content.  
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Figure 6.41 Variations of tensile forces over time for the fully-saturated specimen (MS) 
during four drying cycles; D: Drying, with locking after failure 
 
 
Figure 6.42 Variations of lateral-induced expansion forces over time for MS specimen  
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Figure 6.43 Lateral displacements over time for the fully-saturated specimen (MS) during 
drying; D: drying, with locking after failure 
 
Figure 6.44 (a & b) show the variation of tensile forces as functions of degree of saturation 
and water content during four sequential wetting/drying cycles, respectively. For all cycles, the 
tensile force increased with the decreasing of moisture content and increasing of the corresponding 
suction. When specimen failed, the tensile force decreased, while drying proceeded.  This 
nonlinear relationship between tensile strength and water content was previously investigated by 
Nahlawi et al (2004). However, they conducted the tensile tests on soil at different water contents.  
In the first drying, the soil exhibited much higher tensile strength than those of the other 
cycles. The first crack in the y-direction was determined at the water content of 44.3 % for the first 
drying. For the other drying curves, the soil exhibited tensile failure at the water contents of 38.3 
%, 35.7 %, and 29.5 % in the second, third, and the fourth drying, respectively. No more new 
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cracks observed in the y-direction. More details regarding of the tensile cracking are provided in 
chapter V (section 5.4.1). 
 
 
 
 
Figure 6.44 (a) Variations of tensile forces as a function of degree of saturation, (b) tensile 
force vs. water content for the fully-saturated specimen (MS) 
 
(a) 
(b) 
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In the first drying, the soil experienced much higher peak force (i.e., 17.8-N) compared to 
the other drying processes. At the end of the first drying, the primary cracks of the soil specimen 
developed and propagated. In the second and the third drying, the peak forces were determined to 
be 4.3 N and 4.02 N, respectively. While in the fourth drying, the peak tensile force was obtained 
6.4 N which was slightly higher than those of the second and third drying.  It is believed that the 
soil structure (fabric and the inter-particle forces) was exposed to deteriorations during the first 
drying. This may cause irrecoverable deformations in the soil structure resulting in a reduction in 
the strength after the first drying.  
6.4.5.2 Effect of cyclic drying/wetting on desiccation cracking 
Figure 6.45 and Figure 6.46 present the crack patterns at the end of every drying/wetting 
cycle of the fully-saturated sample tested under locked-gap condition after failure. In the first 
drying process, a primary crack was initially formed in x-direction subdivided the sample into two 
blocks. After that, a fully propagated crack in the y-direction was formed approximately after 105 
hours. When drying proceeded more cracks propagated in the both directions. Upon wetting, the 
soil specimen was not wetted to the water content similar to the initial one-as prepared. Hence, 
less deformations were observed during drying and wetting. This resulted in insignificant healing 
and closuring of the present cracks that formed in the first drying. Moreover, no more considerable 
crack propagation was observed in the second, third, and fourth drying processes.  
It was obviously observed that the soil specimen didn’t experience significant crack 
propagation when subjected to alternatives wetting/drying cycles. In the first drying, the soil 
exhibited CIF of about 8.7 % and increased slightly to 9.1 % in the second drying. No more cracks 
were obtained over cycles; the maximum CIF was determined of about 9.6 %, as shown in Figure 
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6.47. This may be interpreted due to the small deformations and deteriorations that the soil 
exhibited during wetting/drying because the soil was not wetted to the initial water content-as 
initially prepared. 
 
Figure 6.45 Crack patterns of a fully saturated sample (slurry) (MS) subjected to the new 
tensile test in cyclic wetting/drying, with locked-gap scenario after failure
force 
sensor 
1st-drying 1
st -wetting 
2nd-wetting 3
rd-drying 
@Tensile fracture-1D 
2nd-drying 
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Figure 6.46 Continue. crack patterns of a fully saturated sample (slurry) (MS) subjected to 
the new tensile test in cyclic wetting/drying, with locked-gap scenario after failure 
 
 
 
Figure 6.47 Crack Intensity Factor (CIF) and average crack aperture at the end of every 
wetting/drying process for the fully-saturated specimen (MS); Locked-gap after failure 
 
 
 
3rd-wetting 4th-drying 
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6.4.6 Effect of specimen’s thickness, size, restraining condition and soil structure on tensile 
and cracking behavior 
 
The effect of four factors has been investigated on tensile and cracking behavior of a high 
expansive soil under partially restrained condition. These factors involve specimen’s size, 
thickness, constraining condition, and soil structure. Figure 6.48 presents the variations of the 
maximum tensile and lateral expansion forces for all specimens through cycles. Figure 6.49 (a & 
b) shows the variations of Crack Intensity Factors (CIF) and average crack aperture that 
experienced by specimens over cyclic wetting-drying processes, respectively. 
 
 
Figure 6.48 Variation of tensile and lateral-induced expansion forces over cycles for MC1, 
MC2, MC3, MC4, & MS; W: Wetting, D: Drying 
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Figure 6.49 (a) Variation of Crack Intensity Factor (CIF); (b) variation of average crack 
aperture over cycles for MC1, MC2, MC3, MC4, & MS; W: Wetting, D: Drying 
(b) 
(a) 
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Figure 6.50 Variation of cracking water content over drying cycles for MC1, MC2, MC3, 
MC4, & MS; D: Drying 
 
 
6.4.6.1 Effect of specimen’s thickness 
A comparison between the results of MC1 and MC2 is presented in Figure 6.48 In the first 
drying, MC2 exhibited higher peak tensile force than that of MC1. However, unlike our 
expectation, MC2 developed similar maximum tensile forces to those of MC1 over the other 
cycles. This similarity may due to two potential reasons; the first one is that no significant effect 
of specimen’s thickness after the first wetting/drying, the second reason is that due to wetting the 
MC2 to lower water contents compared to the initial-one as compacted. 
Upon wetting, similar behavior was obtained for MC2 and MC1. MC2 exhibited an 
instantaneous decrease in the tensile forces during wetting; the tensile forces reduced till reached 
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to zero value. After that, the lateral expansion forces readily generated and then increased to the 
values ranged from 12 N to 29 N till approached to equilibrium.  
Compared to cracking results of MC1, MC2 exhibited lower CIF(s) over cycles, as shown 
in Figure 6.49. In general, both specimens were initially cracked at almost similar water contents 
although the MC2 was wetted to lower water contents during wetting cycles. For MC2 the cracks 
initiated at the same water content of about 22 % in all drying cycles. While the cracks initiated at 
the rang of water content of about 21 to 24% for MC1.   
6.4.6.2 Coupled effect of specimen’s size and directional restriction 
MC3 specimen was prepared at identical initial conditions of those of the reference 
specimen (MC1), except the size and constraining condition were different. Two comparisons 
were made, as follows; the first one compared with the reference specimen MC1 for investigating 
effect of specimen’s size and directional restriction, and the second one compared with MC4 for 
the effect of directional constraining only. For the first comparison, MC3 experienced lower tensile 
and lateral-expansion forces compared to those of MC1 during drying and wetting, respectively, 
as shown in Figure 6.48 .Fewer cracks developed in MC3 responding to the constraining direction 
at the soil bed; while no cracks developed in the other direction (i.e., y-direction). It seems that the 
strength of soil specimen is smaller when the ratio of length to width becomes higher. Accordingly, 
it can be concluded that the specimen’s size influences on crack patterns where smaller size 
developed fewer cracks and lower tensile resistance. 
Compared with MC4, different cracks patterns were obtained between the two specimens. 
This is mainly attributed to the size ratio where specimen with smaller size ratio generates lower 
tensile resistance. Also, it should be mentioned herein that directional restriction doesn’t influence 
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on crack patterns for identical compacted specimens (i, e., MC1 compared to MC4), even though 
MC1 experienced double tensile force of that one of MC4 in the first drying.  
6.4.6.3 Effect of directional restriction 
Parallel and perpendicular restrictions were employed for studying the effect of directional 
restrictions on tensile behavior and desiccation cracking of two identical prepared specimens. The 
reference specimen MC1 was tested in the new tensile device with perpendicular restriction 
relative to the direction of the partial motion introduced at the soil bed. While a parallel restriction 
was employed for testing the specimen MC4. The comparison is performed herein only for the 
first drying cycle, since MC4 was subjected to one drying process. The results presented in Figure 
6.48 and Figure 6.51 show that MC1 experienced higher tensile resistance than that of MC4. This 
meets our expectation that the perpendicular restriction induces higher tensile forces than those of 
the parallel one. However, the crack patterns in the two cases are similar in the first drying, as 
shown Figure 6.52. The results of image analysis show almost similar crack patterns of nearly 
identical CIF(s) of 2.3% and 2.2% and crack apertures of 2.7 mm and 2.3 mm experienced by MC1 
and MC4, respectively. Therefore, it can be concluded that the directional restriction impacts on 
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the tensile strength of soil where higher one developed for the soil-perpendicular interface. No 
significant effect was observed on cracking patterns in two cases (Figure 6.52).  
 
 
Figure 6.51 Comparison between MC1 and MC4 for the first drying cycle; (a) tensile forces 
over time, (b) tensile forces as a function of water content 
(a) 
(b) 
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Figure 6.52 Comparison between crack patterns for MC1 and MC4; (a) constraining case; 
(b) at the peak; (c) at the end of the first drying 
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6.4.6.4 Effect of soil structure 
Compared to MC1, the fully-saturated specimen MS experienced lower tensile strength in 
the first drying and decreased more through cycles. More cracks were experienced by the fully-
saturated specimen (MS) compared to the compacted specimens (i.e., MC1, MC2, MC3, and 
MC4). This is owing to the effect of soil structure in which the slurry specimen has lower 
interparticle strength and different soil particles configurations than those of compacted one. 
However, the MS experienced higher tensile strength in the first drying for MC3 and MC4 and 
nearly equal one through the other cycles for MC3. This may relate to differences in the size ratio 
in case of MC3 and constraining condition in case of MC4. 
6.5 Concluding remarks 
A number of factors had been considered to investigate the performance of the new tensile 
device involving; specimen’s thickness and size, directional restriction, and soil structure. Several 
findings are highlighted below: 
1. In general, the orthogonal constraining condition induces higher tensile forces than 
those of parallel one.  
2. For the same parallel restraining and different size ratios, the specimen of smaller 
size ratio experienced lower tensile strength (i.e., compare MC3 & MC4). For 
example, in the first drying, MC3 experienced the peak tensile force of 5.6 N which 
is half of that developed by MC4 (10.1 N). 
3. For orthogonal restraining, the thicker specimen developed higher tensile forces 
than those of thinner one in the first drying. However, no significant changes were 
observed over the other cycles (i.e., compare MC1 & MC2). 
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4. For the orthogonal constraining, the compacted specimens developed higher tensile 
forces and fewer cracks compared to those of fully-saturated specimen (i.e., 
compare MS with MC1 & MC2). 
5. No peak tensile forces were obtained for MC1 and MC2 in which indicates that 
these specimens can resist more tensile stresses. Also, this indicates that the tensile 
strengths of these specimens are higher than the values determined in the tensile 
tests under partially restrained condition. 
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CHAPTER VII  
CONCLUSIONS AND RECOMMENDATIONS 
 
7.1 Introduction 
This research aimed to study the hydro-mechanical behavior of soils subjected to multiple 
drying and wetting cycles. This has been stemmed from the observation of crack propagation of 
soil when exposed to successive drying/wetting cycles. Under drying, soil may develop 
irreversible deformations in fabric resulting in crack formation, while upon wetting, soil may 
undergo softening/weakening which provides healing and closure to the present cracks that formed 
in the previous drying. However, these cracks remain weak region and under alternate drying the 
cracks re-open and propagate increasingly. After a certain number of drying/wetting cycles, the 
cracks remain unchanged without any propagation. In this chapter, the main goals achieved are 
highlighted below: 
• A laboratory investigation which covers the physical and hydro-mechanical soil 
characteristics was carried out. Some of these properties involve the volumetric behavior 
of soil when subjected to cyclic wetting/drying processes, water retention curves of fully-
saturated and compacted soils, and others. 
• An experimental campaign was carried out to study the influence of soil-interface on 
unsaturated and saturated shearing strength of soil. 
• A laboratory investigation to study the impact of soil-interface coupled with the effect of 
different initial conditions of soils on the inception and propagation of cracks. Moreover, 
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the soil’s particles were tracked during drying and wetting by using the Digital Image 
Correlation (DIC) analysis.  
• A new innovative tensile device was designed and developed for measuring the tensile 
strength of soil subjected to circumstances similar to those in field, with an adequate 
recognition of the limitations of this approach, if any. In addition, the DIC analysis was 
employed to track the soil’s particles during cyclic shrinkage and swelling. 
• A laboratory exploration was performed to examine the validity and feasibility of the new 
tensile device. In this campaign, the effects of some parameters on tensile and cracking 
behavior of soil were examined. These parameters included the specimen’s size and 
thickness, directional restriction, and soil structure. 
• The effect of cyclic wetting and drying processes was quantitively examined by employing 
two contactless techniques involving; image analysis for capturing some key variables, 
such as, crack aperture, crack propagation, and volume change, and Digital Image 
Correlation (DIC) method for tracking the the displacement field vectors of the deformed 
soil. 
In this chapter, the results and observations leading to general conclusions which are 
presented corresponding to each accomplished goal listed above. 
7.2 Shear strength of unsaturated and saturated soil interfaces 
The directional shear strengths were examined between compacted soils and four different 
interfaces involving; perpendicular, circular, parallel and smooth surfaces. The results have 
revealed that the shearing behavior of the soil is strongly affected by the interface patterns. The 
strength of unsaturated compacted soil was found higher than that of saturated one. The higher 
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strength is determined for the soil-soil and the lower one was obtained for those experiments 
involving smooth interface. The strength for the case of perpendicular grooves with respect to the 
shear direction is higher compared to the ones of circular, parallel, and smooth cases. The strengths 
of circular patterns are determined between the ones for perpendicular and parallel interfaces. The 
influence of different interfaces is mainly observed in the linear envelopes that used to define the 
shear strength parameters; the friction angles and the cohesion values. 
7.2.1 Contributions and future recommendations 
The experimental campaign herein provides a comprehensive knowledge of the effect of 
different interface patterns on the shear behavior of unsaturated and saturated compacted soils. 
These findings can provide significant improvements on the designing criteria of some geo-
structures in the field. The results are also valuable for testing the validity of any cracking model. 
Future recommendations will involve large-scale study under circumstances similar to those in the 
field which would be beneficial to capture the actual and accurate determination of the shear 
strength of soil interfaces. 
7.3 Desiccation plate tests 
A comprehensive series of desiccation plate-tests was conducted on thin layers of the soil 
mixture using two different soil-interfaces subjected to unsaturated and saturated conditions. Two 
different counter-faces; including smooth and circular groove, were used to study the effect of soil-
interface on the cracking patterns. The effect of alternative cycles wetting/drying on the crack 
patterns had been investigated as well. The morphology of crack patterns was determined using 
the image analysis technique to analyzed and interpreted the effects on test outcome. Moreover, 
the Digital Image Correlation (DIC) technique was employed for understanding the emerging 
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phenomenon behind soil cracking, particularly, during wetting process. The conclusions are 
highlighted below:  
• In general, the constrained specimens developed more cracks than the free ones. Even 
though negligible constrains were provided between the soil and the smooth interface, the 
free specimens developed cracks during the wetting/drying cycles. This indicates that the 
interface factor can’t be taken as the only factor for inducing cracks in soils. 
• More cracks developed each cycle till reach to an equilibrium state of no significant cracks 
formed. Accordingly, the significant effect of the cyclic wetting/drying processes on the 
evolution and propagation of cracks in soils can be highlighted in this study.  
• The saturated soils developed more cracks than unsaturated ones in which indicating that 
the initial saturation condition has a significant effect on cracking behavior. 
• Although all unsaturated and saturated samples were compacted at high compaction 
energy, where this degree is highly recommended to compact some geotechnical structures, 
such as embankments (i.e., 94.4% of γdmax as determined from the standard Proctor test, 
ASTM D698), they all experienced cracks when subjected to alternatives wetting/drying 
cycles regardless to the restriction conditions at the soil boundaries (i.e., soil-interface) and 
the initial saturation conditions.  
• It is believed that DIC technique can be a useful tool for analyzing stresses and strains 
distribution during cracking. 
• Crack formation and propagation in soil are strongly related to the variations in the 
configuration of soil particles and stress state that occur during alternative shrinkage and 
swelling/expansion when subjected to drying and wetting, respectively.  
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• The most interesting finding in this study is that soil cracking may develop during wetting.  
• Based on the results of evolution of the cracks under salt solution, it is clear that the 
mechanism of air invading is not reasonable and reliable to interpret the formation of 
desiccation-induced cracks. 
7.3.1 Contributions and future recommendations 
The laboratory investigating herein provide better understanding the effect of interfaces 
and initial conditions on soil cracking during multiple wetting/drying processes. The DIC analysis 
was a beneficial technique for tracking the soil’s particle movements during cyclic shrinkage and 
expansion in drying and wetting processes, respectively.  
For future work, the large-scale study will give significant information to improve our 
understanding of the cracking mechanism in soil. Moreover, this study can include studying the 
effect of some factors on cracking, such as, aspect ratio, sample size, and others. Laboratory tests 
such as SEM (Scanning Electron Microscope) and MIP (Mercury Intrusion Porosimetry), will be 
useful to gain comprehensive understanding of the micro-structure of cyclic shrink/swell of soil.  
7.4 A novel tensile device for the accurate determination of tensile strength 
A novel tensile device was developed for studying the tensile strength and desiccation 
cracking of soils when subjected to a number of wetting/drying cycles. The fundamental concept 
of the new testing method is that the soil develops tensile stresses when exposed to natural 
circumstances during drying process as in the field without employing any external tensile stresses. 
This new testing approach allowed for capturing some key variables associated with the 
desiccation cracking involving as follows; water content, suction, crack initiation, crack 
propagation, crack aperture, and volume change.  
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The new tensile device was found to yield accurate determination of tensile strength of 
soil. This technique has provided a significant advance over the other testing methods that are 
inherently limited to determine the tensile strength of soil at a constant water content. Two 
scenarios of application were performed in order to inspect the validity and feasibility of the device 
for determining the accurate tensile strength of soil. In addition, the effects of some factors on 
tensile and cracking behavior of soil, such as, thickness and size of specimen, directional 
restriction, and soil structure, have been studied. The evolution and propagation of cracking were 
captured during wetting/drying cycles by using a digital camera. 
Crack dynamics was also captured by monitoring the displacement field vectors on the 
soil’s surface by using the Digital Image Correlation (DIC) technique. This technique has 
advanced our understanding of cracking mechanism of soils when subjected to sequential 
wetting/drying cycles. Several findings are highlighted below: 
• The scenario of locked-gap is more appropriate for the accurate determination of 
the tensile strength of soil subjected to wetting/drying cycles. This application can 
prevent any potential residual forces that may carried out by the load sensor or/and 
the soil after every drying/wetting cycle. 
• The trend of the tensile curve under drying condition shows that the tensile force 
increases with decreasing water content and increasing the corresponded suction up 
to the failure. After that, the tensile force deceases with increasing suction where 
no significant contribution is made on the soil strength. Upon wetting, the tensile 
forces decrease till approached to zero and then the lateral-induced expansion 
forces develop and remained constant at constant moisture content. 
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• The soil specimen experienced high reduction in the tensile strength after the first 
drying. Based on the Digital Image Correlation (DIC) technique, it was found that, 
the configurations of the vectors indicate that the specimen didn’t act as one mass 
during the second, and third drying cycles. One the contrary, the soil mass 
experienced discontinuity wherever the defected regions found. Therefore, the 
specimen exhibited lower tensile strength and more cracks compared to those of 
the first drying. 
• The DIC technique revealed that the soil may crack during wetting due to two 
reasons, as follows; the random and weak configurations of soil’s particles that 
occurred during the first drying, and the specimen exhibited antistrophic expansion 
accompanying with different stress states within the material. 
• The tensile and cracking behavior of soil rely on some factors, but not limited to 
them, including; specimen’s thickness and size, directional restriction, and soil 
structure. The effects of these factors had been investigated under partially 
restrained condition by using the new tensile device. The results revealed that the 
tensile behavior of soil varies based on these factors in which different maximum 
tensile forces and different crack patterns were obtained. 
7.4.1 Contributions and recommendations for future work 
The new tensile device was designed and developed to study the tensile and cracking 
behavior of soils. This apparatus provided a novel approach over the previous ones that were 
limited to measuring the tensile strength of soils at constant water content in which did not 
stimulate the environmental circumstances as in the field. Accompanied with DIC analysis, this 
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testing method can be used to model the hydro-mechanical behavior of soils; for example, 
displacement fields of soil can be employed to estimate its deformation, strain and stress 
distribution during cyclic wetting/drying processes.  
For future work recommendations, more improvements on the device will include direct 
suction measurements and enhance the wetting process. 
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